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soured by clear 
this increase was 


It was concluded that when clear water is discharged at the Boulder Dam it 


wil cause greater scouring away of the sand bed than did the muddy water 
under previous conditions. 
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EXPERIMENTAL STUDY OF THE SCOUR OF A SANDY 
RIVER BED BY CLEAR AND BY MUDDY WATER! 


At the request of the U. 8S. Bureau of Reclamation, an experimental comparison 
was made of the scour produced in a bed of fine sand in a sloping flume by muddy 
water and by clear water, in attempted simulation of the conditions existing in 
the Colorado River at the Boulder Dam before and after construction. 

Critical velocities of the water were determined for incipient movement of 
the sand bed in the form of riffles and were found to be greater for muddy water, 
that is, water containing an appreciable amount of clay in suspension, than for 
dear water. With the muddy water an increase of about 10 percent in mean 
velocity was necessary to scour out the same amount of Colorado sand as was 


1. PURPOSE OF THE INVESTIGATION 


This investigation arose from the problems of the U. S. Bureau 
of Reclamation in connection with the design and construction of 
the Boulder Dam on the Colorado River. he Colorado River has 


' Paper iesented before the Section of Hydrology, at the 17th Annual Meeting of the American Geo- 
Dhysical nion, Washington, D. C., April 30, 1936. 
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water under otherwise similar conditions. For coarser sands 
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always been heavily charged with fine silt, clay, and colloids up to 
a maximum of 10 percent by weight. It was expected that all of 
this material would be trapped in the new Boulder Reservoir, go 
that only clear water would be drawn off through the intake towers 
and discharged by the turbines into the river below. The Bureau of 
Reclamation wished to determine whether this clear water would 
cause a greater scour in the river bed than that caused by the origina] 
muddy water. 


2. NATURE OF THE LABORATORY INVESTIGATION 


Although it was not expected that this problem could be solved 
quantitatively in the laboratory, it was hoped that the experimental 
measurement of the difference in the scour produced in a bed of fine 
sand in a flume by clear water, and that produced by water contain- 
ing clay in suspension, would throw some light on the problem. In 
this paper the clay suspension will be referred to as “muddy water’ 
for brevity. 

In establishing a criterion that would serve for both the clear- and 
muddy-water tests it was found necessary to distinguish between the 
ability of the water to scour its bed and its ability to transport bed 
load under constant conditions; that is, with the sand fed into the 
water upstream from the test bed at the same rate as that at which it 
is being carried away by the flowing water. In the actual river, 
prior to the construction of the dam, the conditions had to do with 
the transportation of sediment, whereas now the existing conditions 
have to do with the scour of the bed. Formerly the river not only 
carried suspended materia], but also moved a considerable quantity 
of bed load; now it presumably carries neither suspended load nor 
bed Joad immediately below the dam. Strictly these same conditions 
should have been duplicated in the laboratory tests, but the difficul- 
ties involved in trying to determine and to feed into a stream of 
muddy water the same amount of sand that this stream is capable 
of transporting under given conditions appeared to be of such magni- 
tude as to preclude the possibility of obtaining results on the particular 
comparison desired. It was therefore decided to restrict the problem 
still further and attempt merely to compare the scour that would 
result from passing a stream of muddy water over a sand bed with 
that which would be produced by a similar stream of clear water. 
Consequently no sand was fed into the flume during the investigation. 
This method of attack differs from that used by most investigators 
of sediment transportation, and accordingly the results obtained are 
not comparable with theirs. 


3. MATERIALS USED 


A quantity of typical Colorado River sand from Yuma, Ariz., was 
sent to the laboratory for the tests. As this sand appeared too fine 
to be used in developing the experimental procedure, a local commer- 
cial fine sand, referred to here as “asphalt sand”, was obtained also. 
The asphalt sand was later divided into coarse and fine portions, 
as required by the experiments, by means of a large U. S. Stan 
no. 70 sieve (opening 210 microns). 

The average size distribution of the particles of the suspended 
load or mud carried by the Colorado River was estimated from the 
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records of the U. S. Bureau of Reclamation and publications of the 
U.S. Geological Survey [4] ?._ After considerable search for a material 
for use in simulating this suspended load, a quantity of kaolin was 
obtained from Georgia. It was necessary for the kaolin to be finer 
than the actual suspended load in order to be maintained in suspen- 
sion in the experimental flume. However, it was found later that a 
sufficient concentration of the undispersed kaolin could not be 
maintained in suspension until sodium carbonate was added as a 
dispersing agent. Particle-size distribution curves of the kaolin 
were determined by the pipette method [5], and are shown in figure 1. 

For making the mechanical analyses of the materials, sieves 3 
inches in diameter were constructed, and the weight of the samples 
was limited to 80 grams. At the beginning of the experiments the 
sieves were shaken by hand in accordance with ASTM practice [7], 
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Fiaure 1.—Particle size of materials. 


A Colorado River sand. 


@ Typical Colorado River bed silt, analysis furnished by U. 8S. Bureau of Reclamation. 
X Asphalt sand. 

@ Typical Colorado River suspended load. 

Kaolin, undispersed. 

¢ Kaolin after dispersion. 


and later a machine was developed which produced results agreeing 
within plus or minus 2 percent of those obtained by hand. Analyses 
of the bed sands are shown in figure 1. 

_ Practically all of the Colorado sand was coarser than the openings 
in the U. S. Standard no. 325 sieve (44 microns), while practically all 
of the kaolin particles were finer. Consequently throughout the 
experiments the material coarser than the openings in this screen 
were classed with the sand or scoured material that moves as bed 
- while all particles finer were classed with the clay or suspended 


Photomicrographs of typical samples of asphalt and Colorado sand 
ure shown in figures 2 and 3. Both sands are seen to have fairly 
sharp grains differing mainly in size. The kaolin was found to 
consist of flat particles with rounded edges. The particles of kaolin 


an Genres given in brackets throughout the text correspond to the numbered references at the end 
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coated and adhered to the sand grains in the test, as indicated in the 
photomicrographs. 

A convenient average grain diameter for each sand was computed 
from curves similar to those in figure 1. The area to the left of the 
analysis curve bounded by the coordinate axes and the 100-percent 
line was computed. The size in microns indicated on the x-axis, 
which corresponded to the equivalent rectangular area bounded by 
these lines was called the ‘‘average diameter” of the material. Values 
for the materials used are summarized in table 1. This method of 
determining average diameter was found to correspond generally 
with that used by other investigators. 


TABLE 1.—Sand movement and roughness 

















Sand movement Roughness factor 
po hanes Critical movement of 
Average sand sand Corre- 
diameter sponding | Manning’s 
— ve- ( n ) 
Tractive Critical Critical ocity average 
force, upper| tractive | mean ve- | (@Verage) 
limit force locity 
Microns Ib /ft 3 Ib /ft 2 fps fps 
ye eRe! ber ecse Baie oe Salto? OE PES Ce 0. 98 0. 0112 
336 » 0. 0032 0. 0100 1.2 1,32 . 0110 
204 © . 0058 . 0080 1.0 . 96 . 0167 
384 4 - 0060 . 0088 1.0 1,12 . 0128 
Gee See se tc . 0125 1.2 1, 21 . 0120 
ee eee . 0125 1.4 1.41 . 0127 
fae RSE REET? . 0077 .8 . 96 . 0118 
me? ee . 0087 9 . 98 . 0115 
Average..- 1.12 . 0124 


























* No sand in flume. 

» Asphalt sand, clear water. 

¢ Asphalt sand passing no. 70 sieve, clear water. 

4 Asphalt sand retained on no. 70 sieve, clear water. 

e Asphalt sand retained on no. 70 sieve with undispersed kaolin. 
f Asphalt sand retained on no. 70 sieve with dispersed kaolin. 

« Colorado sand, clear water. 

b Colorado sand, with dispersed kaolin. 


II. APPARATUS 


The principal piece of apparatus used in this investigation was a 
wooden flume, adjustable in slope and supplied by an independent 
circulating system. 

The flume itself, shown in figures 4 and 5, was 20 inches wide, 18 
inches deep, and 40 feet long and was supported by adjustable steel 
jacks upon the lower steel return channel or forebay. The test sand 

ed was placed in the flume opposite a glass panel section 8 feet long. 
Water levels were controlled by means of the inclined tail gate at the 
end of the flume and were measured by means of a point gage traveling 
on the top of the flume. Most of the sand scoured from the bed was 
caught in the sand trap placed at the end of the flume, but any fine 
sand that passed the trap was caught in the forebay below leading to 
the measuring weir. Provision was made for draining and drying the 
material caught in these traps. For the muddy-water experiments, 
the kaolin was added to the supply basin and was thoroughly s 
into the water being pumped up to the sand bed. 
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FIGURE 2.—Asphalt sand with kaolin, typical sand-trap sample. 


Magnification «25 
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Figure 3.—Colorado sand with kaolin, bed before experiment 103. 


Magnification «25 
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Figure 4.—Sketch of sediment flume. 


A. Constant level tank. N. Radiator baffle. 

B. Supply valve. O. Sediment settling can. 

C. Weir. P. Raft. 

D. Weir gage. Q. Settling basin and weir forebay. 
F. Point gage. R. Foot valve—pump. 

G. Brass rails. 8. Supply basin. 

H. By-pass pipe. T. Supply pipe—pump to tank. 

I. Tail gate. U. Gage connections and drains. 

J. Glass panel section. V. Sand bed. 

L, Coarse sand trap. W. Approach floor. 

M. Stone bafile. X. Overflow troughs leading to overflow pipe. 


III. EXPERIMENTS 
1. GENERAL PROCEDURE 


The general procedure was the same for most of the experiments. 
The sand bed was settled under water to eliminate air bubbles, and 
enough of the water was drained through the bed to allow the surface 
to be smoothed with a steel trowel. The tail gate was set, and the 
supply valve was adjusted until the slope of the water surface was 
approximately parallel to that of the bed. The scouring and riffling 
of the sand bed were studied through the glass panel. At the end of 
an hour the experiment was stopped, the flume slowly drained and the 
characteristics of the bed sketched and photographed. Samples of 
sand were taken from the bed, and the material in the traps was dried 
and sampled. 

For the muddy-water experiments, the sand bed in the flume was 
settled in muddy water, and the clay in the supply basin was stirred 
thoroughly before each experiment. Four samples of the suspended 
load were taken during the experiment. 
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2. PRELIMINARY EXPERIMENTS 






A few experiments were made to determine the hydraulic properties 
of the flume before the sand bed was added. Various discharges were 
sent through the flume, and the slope of the water surface was meas- 
ured, first with the flume level, and then with it adjusted to a slope of 
0.0002. 

The first sand bed tried was 30 feet long and consisted of the 
asphalt sand without any approach floor. It became evident immedi- 
ately that no definite slope of the water surface could be maintained 
with this long bed. The progressive riffling of the bed caused a pro- 
gressive increase in the slope, although the discharge was kept con- 
stant. 

Shorter lengths of the sand bed were tried by constructing the 
approach floor shown in figure 4. A finer sand, that sieved through 
the no. 70 sieve, was also tried but this only intensified the instability, 
The nature of the riffle formation was also found to vary widely over 
the length of the bed. 




















3. FINAL EXPERIMENTS 


Finally, the sand bed was shortened to 8 feet, the coarse portion 
of the sand was used, the slope of the flume was increased to 0.001 to 
give higher velocities, and the procedure of the experiments was 
changed. For these tests the supply valve and tail gate were set in 
fixed positions at the beginning of each test and kept unchanged 
throughout its duration. The slope was measured with the point 
gage every 15 minutes during the test, which was allowed to run for an 
hour. Typical changes in the slope are shown in figure 6 for experi- 
ments 59, 70, 71, and 72. 

Even with the short sand bed, as soon as scouring began at the 
upstream end of the bed and riffles began to form at its lower end, the 
slope of the water surface became steeper over the downstream end 
of the bed. In order to maintain this slope, the water backed up- 
stream and consequently increased in depth. A typical development 
of the slope is shown in figure 6 for experiment 59. It is seen that the 
steep part of the slope tended to move down toward the end of the 
bed, the water surface finally becoming somewhat curved in profile. 
This tendency was less pronounced when the amount of scour was 
small and when the mean velocity of the water was low. 

Since the computed values of the mean velocity and tractive force 
depend on both the slope of the water surface and the depth of the 
water, both of which changed during a test, the method used to 
select representative values for the slope and depth was of considera- 
ble importance. When the coarse asphalt sand was used, the changes 
in slope and depth during a given experiment were small enough to 
justify selection of their average values for use in analyzing the 
results. However, for similar experiments made with the fine 
Colorado sand, these changes were too great to allow the use of the 
average. Consequently the assumption was made that the initial 
conditions would determine the characteristic scouring of the sand 
bed, and values of the initial slope and depth were determined from 
curves similar to those shown in figure 6. These values were used in 


the computations. 
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After the clear-water experiments had been completed similar 
experiments were made with the muddy water. In all, 101 prelimi- 
nary and 91 final experiments were made. 

Vertical-velocity curves were measured occasionally with a simple 
glass Pitot tube. 


(CORRECTED TO WATER LEVEL DATUM) 
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Figure 6.—Typical water surface slopes. 
IV. RESULTS 


The results were divided into (1) a study of the roughness coeffici- 
ent (Manning’s n); (2) types of sand movement as affected by the 
presence of clay in the water; (3) a quantitative study of the sand 
scoured; and (4) effect of silt on the flow of water. 


1, ROUGHNESS COEFFICIENT 


For each of the preliminary experiments the average slope of the 
energy line was determined, together with values of the depth and 
the hydraulic radius. By substitution in the Manning formula for 
OW in open channels, the corresponding roughness coefficient n was 
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determined. For each final experiment, values of the average 
initial slope were determined from diagrams similar to those given 
in figure 6, and the corresponding initial value of Manning’s n deter- 
mined. These values, which varied quite widely for the various 
sand beds, were averaged, and the results are shown in table 1 for 
general information. The average mean velocities corresponding 
to the conditions under which the values of n were obtained are shown 
also. The values obtained when there was sand in the flume were 
generally somewhat higher than for the flume without sand. How- 
ever, no definite conclusions can be drawn as to these variations. 


2. SAND MOVEMENT 


Aside from no movement at all, only two general types of sand 
movement were observed in the experiments, although it is recognized 
that other types of movement may occur at velocities higher than 
those used in the tests. At a comparatively low velocity, the sand 
grains were observed to move along the top of the bed in a thin sheet, 
giving a distinctly flat appearance to the bed. At a somewhat higher 
velocity of the water, the sand moved along the bed in a series of 
waves or riffles traveling downstream. The condition of the bed 
when the flat or sheet type of movement just merged into the riffle 
type was definitely indicated in the experiments. This type of 
movement is defined here as “critical movement.’’ This criterion 
agrees substantially with that called ‘general movement” by other 
investigators, for example, Kramer [8] and the U. S. Waterways 
Experiment Station [2]: the velocity at critical movement is some- 
what lower than that corresponding to the condition of “competence” 
defined by the Iowa Institute of Hydraulic Research [3], and is differ- 
ent from that corresponding to the “competence” of Gilbert [25]. 

For a given sand bed the critical movement was found repeatedly 
to take place at the same mean velocity of the water, which was 
defined therefore as the “critical velocity” for the particular sand. 

Critical movement was observed visually through the glass panel 
and also by noting the condition of the bed after the experiment. 
It was determined by interpolation on the scour curves discussed 
below (figs. 12 and 13). Figure 7, experiment 53, shows the appear- 
ance of the bed for critical movement for asphalt sand, and figure 8, 
experiment 106, shows it for Colorado sand. 

The mean velocity and the tractive force * corresponding to critical 
movement for each of the various sands used are summarized in 
table 1. The data show that the use of the clay caused an increase in 
the value of critical mean velocity and critical tractive force. 

At higher velocities a definite scour took place in the sand bed, 
usually with its maximum depth just downstream from the beginnin 
of the bed, with the edges of the scoured area rounded. The scoure 
material traveled smoothly on a slight upgrade to the center of the 
bed, and thereafter in the form of riffles to the end of the bed. The 
scour for the muddy water differed somewhat in that the sand bed 
scoured away in small areas, leaving the edges sharp instead 0 
rounded. 

3 Tractive force, F; is defined as follows: 


+= wads, 
where F; is the tractive force exerted by the flowing water on the bed, in pounds per square foot. 
w is the s fic weight of the water, in pounds eubic foot. 
dis the depth of the water, in feet, in uniform flow. 
and 8 is the slope of the water surface. 
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FigurRE 11.—Bed after experiment 108, looking upstream. 


Colorado sand, clear water, mean velocity (initial) 1.04 fps. 
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Figures 9 and 10 show clearly the much greater scour produced by 
clear water than muddy water under otherwise similar conditions. In 
both of these experiments the bed was formed of asphalt sand and the 
mean velocity was 1.28 fps. However, in the experiment shown in 
figure 9, clear water flowed over the bed, while in that shown in 
figure 10, water containing dispersed kaolin flowed over the bed. 
The amount of material scoured in experiment 34 was about 26 times 
as great as that scoured in experiment 87. One reason for this large 
difference is to be found in the fact that the mean velocity in experi- 
ment 34 was above the critical velocity for asphalt sand and clear 
water, while in experiment 87, this same velocity was lower than the 
critical velocity for asphalt sand and water containing dispersed 
kaolin. (See table 2.) 


TABLE 2.—Comparison of scour with mean velocity 
ASPHALT SAND 











Mean velocity 
Scour 
Clear water |Muddy water; Difference 

1b/ft?/hr fps fps fps 
0.2 *1.00 1.30 0. 30 

-5 1.10 »1.40 . 30 

1.0 1.18 1, 48 . 30 
1.5 1, 23 1. 53 . 30 














COLORADO SAND (SHALLOW WATER) 





15 ® 82 - 90 - 08 
.2 - 85 », 92 07 
6 - 90 - 98 08 
1.5 1.05 1.10 05 











® Beginning of critical movement for clear water. 
» Beginning of critical movement for muddy water. 


A bed of Colorado sand is shown in figure 11, experiment 108, for 
clear water at an initial mean velocity of 1.04 fps. The excessive 
scouring and riffling shown are in great contrast to those of the corre- 
sponding muddy-water experiments. At this velocity the latter 
exhibit a flat bed, generally similar to that shown in figure 8, except 
for the small riffles. 


3. QUANTITY OF MATERIAL SCOURED—SCOUR 


The weight of material scoured out of the bed in 1 hour and caught 
in the traps divided by the area of the bed is defined as ‘‘scour.” It 
is measured in pounds per square foot per hour. 

Values of the scour for the asphalt-sand experiments with the clear 
water, and experiments with dispersed kaolin in the water are plotted 
logarithmically against the corresponding values of mean velocity in 
figure 12. This figure shows that, in order to cause the same scour 
with the muddy water as with the clear water, an increase of about 
25 percent in the mean velocity is necessary. The scour tends to be 
proportional to the tenth, or greater, power of the mean velocity, and 
the steepness of the curves further shows that a great increase in the 
scour may occur for a small increase in the mean velocity. 
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The experiments in which the bed movement took place in the 
form of a flat sheet are indicated in figure 12 by F, while those not so 
marked are for movement in riffles. The critical velocity at which 
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Figure 12.—Scour-velocity relations, asphalt sand. 


the bed movement changes to the riffled form was determined from 

the figure and values of critical velocity are shown in table 1. 
Figure 13 in which scour is plotted against initial mean velocity, 

shows the results for the Colorado sand. The initial mean velocity 
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was used here instead of the average mean velocity because of the 
unstable slope and depth due to excessive riffling of this fine sand as 
previously explained. 

For those tests in which the depth of the water was small, a clear- 
cut contrast exists between the results for clear water and those for 


a —s —— eptngen 


(0.149) 


0.27 
(0.139) ; ) 


Oo 
@ 


(0.147) 


oOo 
o 


i 

= 
e 
cs 

co 

oo 

~ 
” 

a 

4 

4 

> 
° 
O 
7) 


COLORADO RIVER SAND 


+ CLEAR WATER 
@ WATER WITH CLAY 
F FLAT BED 


(0.130) (0.139) 


( ) OEPTH IN FEET 


0.2 0.4 0.6 08 1.0 1.2 
INITIAL MEAN VELOCITY IN FPS 


Figure 13.—Scour-velocity relations, Colorado sand. 


muddy water. The results for the clear-water tests lie on a straight 
line to the left of a straight line that represents the results of the 
muddy water tests. It is seen that the scour increases with the mean 
velocity, and also that a 10 percent increase in the velocity of the 
muddy water is necessary to cause the same scour that occurred with 
the clear water. However, for depths about double those for which 
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the above-mentioned curves were obtained, the points for the tests 
with clear water tend to become superimposed on the curve represent- 
ing values for the tests with muddy water. Comparative data for 
muddy water at these depths are unfortunately not available, since 
the experiments had to be stopped because of loss of clay through 
a leak in the supply basin. 

Comparative values of mean velocity for given values of scour for 
the clear- and muddy-water tests are summarized in table 2. 

All the data obtained were investigated by numerous methods 
found useful by other investigators, both here and abroad, but no 
additional definite results were obtained. Studies were made of the 
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Figure 14.—Typical vertical velocity-distribution curves. 
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relations between scour and discharge, bed velocity, energy head, 
the ratio of mean velocity head to the depth, depth, etc. The 
possibilities of correlating the results by using dimensionless variables 
were investigated and a comparison with the scour experiments of 
Nakayama, [28] was also made without finding useful results. It is 
believed that the work of other investigators was based upon condi- 
tions in which bed material was added to the stream, and accordingly 
their results could not well be compared with those in the present 
investigation. 


4. EFFECT OF SILT ON THE FLOW OF WATER 


As shown by Anderson and Matson [10], Rothery [11], Stevens [12], 
Kelly [16], Buckley [24], Gilbert [25], and Parker [27], opinions are 
very conflicting regarding the effect of adding silt in suspension on 
the flow of a clear stream under given conditions. However, it 1s 
believed that the resulting small increase in viscosity and density 
tends to increase the tractive force slightly and to cause a corre- 
sponding increase in the scouring power. On the other hand, a 
heavy load of suspended silt in the water lays down a protecting mat 
of cohesive particles which fill the interstices at the top of the bed 
and thus enable it to resist scour. However, in the experiments with 
the asphalt sand and the coarser undispersed kaolin, when this mat 
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was once broken through by the water, a greater scour resulted with 
the muddy water than with clear water. Nevertheless, in general, it 
was found that the clay tended to restrict the scour, as shown by the 
data in tables 1 and 2. 


5. VELOCITY DISTRIBUTION 


A few typical vertical velocity-distribution curves obtained by 
means of the Pitot tube are shown in figure 14. The shape of the 
curves indicates that the distribution of the velocity in the flume is 
similar to that usually found in a typical open channel. Data for 
the studies with bed velocity and velocity ratios mentioned above 
were obtained from curves similar to these. 


V. CONCLUSIONS 


The results of the laboratory tests show that, in order to scour a 
given amount of sand when the water contains fine clay in suspension, 
a greater velocity is necessary than when the water is clear. For the 
asphalt sand this increase in velocity amounted to 25 percent, while 
for the Colorado River sand it was much less, about 10 percent. It 
was also shown that a very considerable increase in scour resulted 
from a very small increase in mean velocity above the critical velocity 
for the given sand. 

Admittedly the laboratory results cannot be applied quantitatively 
to the Colorado River for many reasons. In the first place, the laws 
by which the results of the small-scale tests can be converted to the 
corresponding values for the full-sized river are not known for the 
complicated phenomena involved. Prior to the construction of the 
dam, large floods, with their relatively great scouring of the river bed, 
occurred periodically; whereas now that the dam has been constructed, 
the flow downstream will be regulated. The velocities in the actual 
river (4 to 10 fps) are much higher than in the test flume, while the 
river bed is practically the same. Material which could only be 
transported as bed load in the laboratory tests may be transported 
partly as bed load and partly as suspended load in the actual river. 
However, the qualitative statement may be made that large volumes 
of clear water discharged onto a bed of Colorado River sand just 
below the Boulder Dam will tend to cause a greater scouring of the 
bed than did muddy water prior to the construction of the dam, first 
because the muddy water brought sand and silt with it to compensate 
somewhat for the material scoured and carried away, and second 
because, as the laboratory tests have shown, clear water scours the 
bed more easily than does muddy water. It may be mentioned also, 
as pointed out by Rothery [11] and Stevens [12], the clear-water 
stream may require a smaller gradient for a given flow than the 
muddy stream and consequently may have additional capacity for 
cutting and transporting the sand from its bed. Since there is no 
large tributary for 80 miles below the Boulder Dam to provide 
additional bed load, this scour will probably tend to progress gradually 
downstream. 

A complete report on this investigation is available for loan. 


Many valuable suggestions, together with editorial assistance, were 
furnished in this investigation by H. N. Eaton, Chief of the Hydraulic 
aboratory Section. The apparatus for the mechanical analyses was 
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designed and the analyses were made by B. H. Monish. J. M., 
Buswell and C. W. Elliot of the laboratory staff were responsible for 
the design and construction of the sediment flume and drying 


apparatus. 
VI. REFERENCES EXAMINED 


{1] W. N. Weigel. Size and Character of Grains of Non-Metallic Mineral Fillers, 
Tech. Pap. 296, U. 8. Bur. Mines, Washington, D. C. (1924). 

[2] Studies of River Bed Materials and Their Movement, With Special Reference 
to the Lower Mississippi River. Pap. 17, U. 8. Waterways Experiment 
Station, Vicksburg, Miss. (January 1935). 

[3] F. T. Mavis, Chitty Ho, and Y. C. Tu. The Transportation of Detritus by 
Flowing Water. Pt. I, Studies in Engineering, University of Iowa, Iowa 
City, Iowa, [294] Bul. 5 (March 1, 1935). 

[4] C. S. Howard. Sizes of Particles of Suspended Matter Carried by the 
Colorado River. Office Mem. U. 8. Geol. Survey, Washington, D. C, 
(Aug. 12, 1932). 

[5] C. E. Jackson and C. M. Saeger, Jr. Use of the pipette method in the fineness 
test of molding sand. J. Research NBS 14, 59 (January 1935) RP757. 

[6] C. S. Howard. Quality of Water in the Colorado River, 1928-1930. Water 
Supply Pap. 639—D, U. 8. Geol. Survey, Washington, D. C. 

[7] Standard method of test for sieve analysis of aggregates for concrete. Stand. 
C 41-33, Am. Soc. Testing Materials, Pt. II, 240 (1933). 

[8] Hans Kramer. Sand miztures and sand movements in fluvial models. Trans. 
Am. Soc. Civil Engrs. 100, 798 (1935). 

[9] M. P. O’Brien. Review of the theory of turbulent flow and its relation to sedi- 
ment transportation. ‘Trans. Am. Geophys. Union, Sec. Hydrol. 487 (1933). 

[10] M. S. Anderson and S. Matson. Properties of the Colloidal Soil Material. 
Dept. Bul. 1452, U. 8. Dept. Agr., Washington, D. C. (Nov. 1926). 

{11} S. L. Rothery. A problem of soil in transportation in the Colorado River 
Trans. Am. Soc. Civil Engrs. 99, 530 (1934). 

[12] J. C. Stevens. The silt problem. Proc. Am. Soc. Civil Engrs. pt. I, 60, 
1206 (Oct. 1934). 

{13] B. H. Hendrickson. The choking of pore space in the soil and its relation to 
— and erosion. Trans. Am. Geophys. Union, Sec. Hydrol. 500 (1934). 

{14] C. E. ser. Dynamics of erosion in controlled channels. Trans. Am. 
Geophys. Union, Sec. Hydrol. 488 (1934). 

[15] E. 8S. Bellasis. Hydraulics. p. 198 (Spon & Chamberlain 1924). 

[16] Prevention of silt deposits in conduits. Report of Subcommittee of Hydraulic 
Power Committee. Pacific Coast Elec. Assn. Elec. West, 60, 399 (May 15, 


1928). 

[17] William Kelly. The Colorado River problem. Discussion by J. C. Hill. 
Trans. Am. Soc. Civil Engrs. 88, 415 (1925). 

[18] R. G. Hemphill. Silting and life of southwestern reservoirs. Trans. Am. Soc. 
Civil Engrs. 95, 1072 (1931). 

[19] O. A. Faris. The Silt Load of Texas Streams. Tech. Bul. 382, U. 8. Dept. 
Agr. (Sept. 1933). re 

[20] L. R. Fiock. Records of silt carried by the Rio Grande and its accumulation in 
Elephant Buite Reservoir. Trans. Am. Geophys. Union, pt. II, 472 


(1934). 

[21] A. H. Gibson. Hydraulics and its Applications, p. 339 (D. Van Nostrand Co. 
New York, N. Y., 1925). i 

[22] H. J. Casey. Ober Geschiebebewegung. Dissertation. Technische 
Hochschule, Berlin, Germany (Mar. 11, 1935). 

[23] J. C. Stevens. The Silt Problem. Discussion by E. W. Lane. Proc. Am. 
Soc. Civil Engrs. 61, 409 (Mar. 1935). 35t 

[24] A. B. Buckley. The influence of silt on the velocity of water flowing in open 
channels. Min. Proc. Inst. Civil Engrs. 216, pt. [1, 183 (1922-1923). 

[25] G. C. Gilbert. The transportation of Debris by Running Water. 
Pap. 86, U. S. Geol. Survey (1914). ; 

[26] J. M. gy © Some problems connected with the rivers and canals in southern 
India. in. Proc. Inst. Civil Engrs. 216, pt. II, 150 (1922-1923). 

[27] P. A. M. Parker. The Control of Water. (George Routledge & Sons, Lid., 
London, Eng., 2nd ed. 1932). 

[28] H. Nakayama. Some model investigations about the motion of sand along 4 
self-formed channel. J. Tokyo Faculty Eng. 13, (Mar. 1923). 


WasHINGTON, May 25, 1936. 





p= a 


U. S. DepARTMENT OF COMMERCE NATIONAL BurEAu of STANDARDS 
RESEARCH PAPER RP908 


Part of Journal of Research of the National Bureau of Standards, Volume 17, 
August 1936 





JOLIET REFERENCE GAS METER 
By Howard S. Bean, M. E. Benesh, and Frank C. Witting 


ABSTRACT 


Upon invitation, the National Bureau of Standards, cooperated with the 
Peoples Gas Light and Coke Co., Chicago, IIl., in the design, construction, and 
testing of a reference gas meter capable of being used over a wide range of con- 
ditions and having a high maximum capacity. The meter is of the proportional 
type in which the main gas stream is divided into a large and a small stream in a 
known or determinable ratio. The rates of flow in the two streams may be 
varied and the actual ratio of the mass rates of flow is determined by a thermal 
method. Two heat exchangers, one in each gas stream, receive heat through 
the medium of hot water from a common source. The rates of flow of the hot 
water to the two heat exchangers are adjusted until the temperatures of the 
outlet water streams are the same. The outlet water streams are discharged 
into weighing tanks from which the ratio between their rates of flow is obtained. 

The rates of flow of the gas in the two streams are then adjusted to bring 
together their temperatures on the outlet side of the heat exchangers. Hence, 
if the two gas streams are warmed through one temperature range, while the 
two water streams are cooled through another temperature range, the ratio of 
the mass rates of flow of the gas streams will be equal to the ratio of the mass 
rates of flow of the water streams. 

The rate of flow in the small gas stream is measured with a large piston meter. 
The pressure and temperature of the gas in the piston meter are carefully meas- 
ured, and the specific gravity of the gas, referred to air, is determined. With 
these data, and the displacement of the piston for the duration of the test, the 
density and total mass of gas that passed through the small passage are com- 
puted. Dividing this total mass flow by the duration of the test gives the mass 
rate of flow through the small branch. 

The total mass rate of flow into the reference meter may now be computed 
by the formula 

w= wg(C, + 1) 


in which 
w(lb/sec) = total mass rate of flow into reference meter. 
ws(lb/sec) = mass rate of flow through the small stream. 
C,=ratio of mass rate of flow in the large stream to that in the small 
stream, 
=ratio of mass rates of flow of water into the two heat exchangers. 


The operation of the piston meter is described, and the procedure of making a 
test with the reference meter is outlined. 

The results of 15 tests of an orifice meter with the reference meter are presented 
and discussed. It is shown that excepting for the determination of the specific 
gravity of the gas, which is done with auxiliary equipment apart from the meter, 
the probable uncertainty in any item or factor will not affect the indicated rate of 
flow by more than about +0.05 percent. 
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I. INTRODUCTION 


Disputes have sometimes arisen over the correctness of registra- 
tion of large-capacity gas meters, and on some of these occasions it 
would have been advantageous to have a reference meter available 
with which the meter in question could be compared over the range 
of its operating conditions. Similar occasions may arise in the future. 

The reference meter to be used in such cases should have, among 
others, the following characteristics: 

1. Accuracy.—The probable errors of indication should be low, 
certainly not over 0.5 percent and preferably not over 0.1 or 0.2 
percent. 

2. Range.—lIt should be possible to operate the meter under a wide 
range of conditions as regards mass rate of flow, pressure, tempera- 
ture, and composition of the gas. 

3. Pulsations—The meter should be free from the effects of pul- 
sations in the gas stream. 

A meter which, it is believed, meets these requirements for & 
reference meter, has been constructed and installed at the Joliet 
Meter Station of the Chicago District Pipeline Co., near Joliet, Il. 
For this reason the meter will be referred to here as the Joliet refer- 
ence meter. It is connected in series with and on the downstream 
side of a 10-in. orifice check meter. This check meter can be con- 
nected in series with any one of 12 regular 10-in. orifice-meter runs. 
Six of these twelve runs are owned by the Chicago District Pipeline 
Co. and the other six by the Natural Gas Pipeline Co. of America. 
The discharge from the reference meter is connected into the outlet 
line from the station. These connections to the reference meter 
can readily be altered to permit connecting other meters in series 
with it. 

The design and construction of the reference meter presented 
many problems. The solution of these problems and the final con- 
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struction of the meter were made possible by the interest and support 
of the Peoples Gas Light and Coke Co., Chicago, Il. 

One of the functions of the National Bureau of Standards is to de- 
velop improvements in making measurements for both laboratory 
and commercial purposes and to cooperate with others in similar 
undertakings. Therefore, when invited to cooperate in designing 
and constructing a reference meter which, it was hoped, would fulfill 
the above requirements the Bureau accepted. Its cooperation 
consisted in furnishing information and advice on some of the ma- 
terials used and the design and testing of some of the meter parts, 
and in the loan of scientific laboratory instruments. 

The essential features of design and operation of the reference 
meter were evolved! by one of the authors (Benesh), who also made 
the necessary arrangements incident to its construction. Another 
of the authors (Witting) designed many of the separate parts of the 
meter and supervised the assembling and testing of the meter. The 
remaining author (Bean) acted in a liaison capacity between his 
colleagues and the Bureau, and assisted in some of the tests of the 
meter and in the writing of this paper. 


II. GENERAL PRINCIPLE OF OPERATION 


The Joliet reference meter is essentially a large proportional meter. 
In conformance with the principle of this type of meter, the main 
gas stream is divided, upon entering the meter, into a large and a 
small stream. ‘The rates of flow of gas in these two streams are con- 
trolled by adjustable restrictions in the outlet passages of the two 
streams. The ratio of the mass rate of flow in the smaller stream to 
that in the larger stream is determined by the following thermal 
method. Heat exchangers, located in the two gas stream passages, 
receive heat through the medium of hot water from a common 
source. By means of valves the ratio of the rates of flow of water 
through the two heat exchangers is adjusted until the water streams 
leaving the heat exchangers are at the same temperature. The 
rates of flow of water from the two heat exchangers are determined 
by weighing the discharge from each. In a somewhat similar manner 
the rates of flow of gas are so adjusted that the two streams issue 
from the heat exchangers at the same temperature. Thus, if the 
two gas streams are heated through the same temperature range, 
AT,, while cooling the two water streams through a common tem- 
perature range, A7,,, the ratio between the mass rates of flow in the 
two gas streams will equal the ratio between the mass rates of flow 
oar two water streams, which latter has been determined by 
weighing. 

Upon leaving the heat exchangers the smaller gas stream is directed 
through a piston meter. The temperature and pressure of the gas 
in the piston meter are carefully controlled and measured. These 
quantities, together with the displacement, or volume indications 
of the piston meter, enable one to compute the mass rate of flow of 
gas in the small stream (assuming of course that the necessary physical] 
properties of the gas are known). 


' United States patent 2015 249 covering these features has been dedicated to the public. 
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The mass rate of flow of gas, w, entering the reference meter may 
be computed by the equation 


w(lb/sec)=ws(C,+1), (1) 
in which 
C,,=the proportioning ratio, 
__mass rate of flow in large stream 
~ mass rate of flow in small stream 
u's (1b/sec)= mass rate of flow in small stream. 


III. SOME GENERAL CHARACTERISTICS OF THE 
JOLIET REFERENCE METER 





The Joliet reference meter was designed and constructed to operate 
under gas pressures ranging from atmospheric to 600 lb/in?. It can 
readily be operated with incoming gas temperatures ranging approxi- 
mately from —20 to +180° F. To operate at pressures or tempera- 
tures very much outside these limits would not change any of the basic 
principles of operation but would require many changes in the 
details of construction. 

The meter is not affected by any pulsations there may be in the 
gas stream, provided there is no actual reversal in the direction of 
flow. Moreover, the meter will not introduce any pulsations. It 
will operate satisfactorily with any gas or vapor, but will not operate 
correctly if the fluid to be metered is a mixture of a liquid and vapor, 
i. e., a fog. In this case, either the liquid should be separated and 
the two fluids measured separately or the fluid mixture should be 
heated until it is all vapor, and then metered. 

The proportioning ratio can conveniently be varied from about 5:1 
to about 60:1. These proportioning limits are not imposed by the 
construction of the meter but are believed to be the limits of con- 
venient operation. The temperature ranges through which both 
the water and gas are changed may be varied over rather wide 
limits. Thus, for any given rate of flow of the gas, the meter may be 
operated with various proportioning ratios and temperature ranges— 
a characteristic which may be utilized in checking the indications of 
the meter and in analyzing the possible sources of error. 

As will be more fully discussed later, both the maximum and 
minimum capacities of the meter depend, in part, upon the relative 
heat-transferring capacities of the heat exchangers. The maximum 
capacity depends also upon the strength of some of the parts. As 
constructed, the meter has a maximum capacity of about 120,000 
ft?/hr of natural gas at 200 lb/in.*, which is equivalent to about 
1,633,000 ft*/hr when the pressure is reduced to atmospheric. The 
minimum capacity as a proportional meter is about 2,400 ft.*/hr at 
200 lb/in?. Very much lower rates of flow may be metered by blank- 
ing off the outlet of the large gas stream so as to divert all the gas 
through the piston meter. 


IV. DETAILED DESCRIPTION OF THE JOLIET 
REFERENCE METER 


1. CONDITIONS TO BE FULFILLED 


In order to make use of the assumption that the ratio of the mass 
rates of flow of gas in the two gas streams is equal to the ratio of the 
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weights of water discharged from the two heat exchangers in a given 
interval of time, it is necessary that the following requirements 
should be fulfilled: 

1. The temperature of the gas entering the small heat exchanger 
must be the same as that of the gas stream entering the large heat 
exchanger. 

2. There should be no transfer of heat from one heat exchanger 
to the other or from one gas stream to the other; neither should there 
be any cross transfer of heat from either heat exchanger to the other 
gas stream. 

3. There should be no transfer of heat between either the heat 
exchangers or the gas streams and the outside. 

4, The temperature of the water entering the small heat exchanger 
must be the same as that of the water entering the large exchanger. 

5. There should be no transfer of heat between the water connec- 
tions of one heat exchanger and the gas stream passing over the other 
heat exchanger. 

6. The temperature of the water leaving the large heat exchanger 
must be equal to that of the water leaving the small heat exchanger. 

7. The temperature of the gas leaving the large heat exchanger 
must be equal to that of the gas leaving the small heat exchanger. 

In endeavoring to fulfill these requirements particular attention 
was given to methods of heat insulation and temperature measure- 
ment. While provisions for fulfilling all of them are embodied in the 
construction of the meter, the final fulfillment of requirements 6 and 
7is a part of the procedure of operating the meter. 


2. GENERAL ARRANGEMENT OF PARTS 


The general arrangement of the meter is shown diagrammaticall 
in figure 1. The gas enters the proportioning chamber at the left 
and flows through mixing baffles A. The division of the gas takes 
place at the upstream face of inlet radiation shield B, the small stream 
entering the central tube and the large stream flowing along the 
annular space outside it. 

The heat exchangers, indicated by C, are located a few inches 
from the inlet radiation shield. After passing through the heat 
exchanger the large gas stream flows through the second series of 
mixing baffles A’, through the two outlet radiation shields B’, and 
out of the proportioning chamber. 

The small gas stream is conducted from the proportioning chamber 
to relief bell chamber R of the piston meter. A slide valve, located 
in the base of R (but not shown in fig. 1) directs the gas to displace- 
ment piston chamber P, and back to the top of the relief bell chamber, 
= it passes through adjusting valve K, and joins the large gas 
stream. 

The other parts of the meter shown in figure 1 are as follows: D is 
the boiler, which is the primary source of heat supply. E is a steam- 
fed water heater where the water for the heat exchangers is heated. 
Fis a valve for regulating the temperature of the water to the heat 
exchangers. G and H are, respectively, the large and small weighing 
lanks for determining the amounts of water discharged from the two 

texchangers. I is the storage tank from which the water is cir- 


—° the heat exchangers and back by means of motor-driven 
- pump J. 
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L is a large-area orifice placed in the outlet pipe of the large gas 
stream to provide a pressure drop slightly in excess of that occu 
in the small gas stream due to friction in the passages of the piston 
meter. The size of this orifice may be changed and by this means 
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the proportioning ratio may be varied over a wider range than would 
be possible with valve K alone. M is a large regulating valve by 
which the main rate of flow through the reference meter is controlled. 


3. PROPORTIONING CHAMBER 


Figure 2 shows a horizontal section through the proportioning 
chamber. The chamber is 12 ft. long, and the outer wall is a section 
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of heavy walled, 24-in. pipe capable of withstanding a gas pressure of 
600 lb./in.* Mounted within this pipe is a shorter piece of light- 
walled 16-in. diameter tubing J. The space between tube J and the 
outer wall is filled with 22 layers of aluminum foil held \ in. apart 
by narrow strips of balsa wood, and in this way requirement 3 is 
partly fulfilled. 

Mounted within the inlet end of the 16-in. tube (left end in fig. 2) 
are four mixing baffles A. The construction of these baffle plates is 
more clearly shown in figure 3. The purpose of these baffles is to 
increase the turbulence of the gas stream to insure that it is thor- 
oughly mixed and at a uniform temperature before being divided into 
two streams, thereby fulfilling requirement 1. 

Following the baffles is inlet radiation shield B. This is made from 
strips of nickel silver stamped to have a cross section resembling a 
V, and so mounted as to intercept the radiation of any heat across it. 
The primary purpose of this shield is to minimize the possibility of 
the cross transfer of heat mentioned in requirement 2, but it also 
serves to reduce the possibility of heat transfer to the outside. 

The upstream face of this radiation shield is also the plane at which 
the incoming gas is divided into the large and small streams. The 
small gas stream enters a thin-walled 3-in. tube which extends along 
the axis of the chamber to near the outlet end, where it turns to pass 
through the wall of the 24-in. pipe. From its inlet to slightly beyond 
the turn this tube is wrapped with 11 layers of aluminum foil, which 
are separated by }-in. balsa-wood strips. The manner of doing this 
is shown in figure 4. The purpose of this insulation is to reduce the 
transfer of heat between the two gas streams as far as possible—a 
part of requirement 2. The 3-in. tube with its insulation is encased, 
for protection, in a 6-in. thin-walled tube. 

As indicated by C in figure 2, the heat exchangers are located 
close to the outlet side of radiation shield B. The 6-in. tube serves 
as a core about which the large heat exchanger is mounted. 

Both heat exchangers are made of }-in. outside diameter copper 
tubing. The small heat exchanger, shown separately in figure 5, 
consists of 11 double-spiral sections, which are so connected that the 
water flows through the heater in two streams. The large heat 
exchanger comprises 13 double-spiral sections, each of which con- 
tains 28 tubes. The tubes of one section are so connected to those of 
adjacent sections that the water flows through the complete heat 
exchanger in 56 streams. The spiralling of the tubes in the heat 
exchanger sections was adopted in order to make the temperature 
distribution in both the water and the gas streams as uniform as 
possible over the section areas of the heat exchangers. 

Figures 6 and 7 illustrate one section of the large heat exchanger 
before assembly. 

Figure 8 shows in more detail the inlet and outlet water connec- 
tions to the heat exchangers. The hot water to both heat exchangers 
is supplied through tube N. The water for the small heat exchanger 
is diverted through tube P. Throughout its passage across one side 
of the annular space between the 16-in. tube J and the 6-in. tube, 
small tube P is completely jacketed by the larger portion of the main 
water stream, which goes to the large heat exchanger. This con- 
struction was employed to fulfill requirement 4. The probable degree 
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FicgurRE 4.—Application of aluminum-foil insulation to small gas stream passage. 








it Ysnoryy SMOP SBS OU Yt 





1 0S paddeo si ‘aqny p 





sM-UIY] B SI I 






iM 3 84} JO pus (qJaT) 





14Sdn 9yp 


‘“aquinys Buruorsodoud ay} ut paonjd buraq asofaq Jabunyoxa yoay owg—e auaorg 





806 jadeg Yyoseasayy 


Sprepueric jo nesing jeuotjey eu} jo y 


IIVISIYT jo jeusno/ 





Journal of Research of the National Bureau of Standards 


Fiaure 6.—Section of the large heat exchanger. 


One tube has been tuarked to facilitate tracing the path. 
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Figure 8.—Diagrammatic representation of water connections to heat exchangers. 
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to which the methods of insulation used reduce heat losses is discussed 
in a later section. 

After passing through the coils of the small heat exchanger, the 
water is collected in the header Q and returned to the lower end of 
outlet tube O.. The six tubes which connect header Q with O, pags 
around the outer circumference of the coils of the heat exchanger, 
and are soldered to the 3-inch tube, which is slightly enlarged along 
the length of the heat exchanger. From a point within the insula. 
tion between the 3-in. and 6-in. tubes to the outside of the propor. 
tioning chamber, the small outlet tube O, is completely jacketed by 
water from the large heat exchanger in Q. 

The water for the large heat exchanger flows from N into inlet 
header R, from which it is distributed to the heat exchanger coils 
through 56 tubes. After leaving the coils, the water is collected in 
auxiliary outlet header S, and returned to the main outlet header U, 
from which it enters outlet tube O,. The 28 tubes which connect 
auxiliary header S with the main header U pass around the inner 
circumference of the large heat exchanger coils, and are soldered to 
the 6-in. tube, which is slightly constricted along the length of the 
heat exchanger. 

Besides the coils of the large heat exchanger there is another con- 
nection between inlet header R and the auxiliary outlet header §, 
This is bypass tube V connecting inlet header R, directly to auxiliary 
outlet header S. The rate of flow through this bypass is controlled 
by valve W, which, in turn, may be adjusted from outside of the 
24-in. pipe by means of an extension to its stem. The purpose of 
this bypass is to enable the operator to change the heat transferring 
capacity of the large heat exchanger. Auxiliary outlet header § 
was made more than twice as long as would otherwise have been 
necessary in order to provide greater opportunity for the water from 
the bypass to become thoroughly mixed with the water from the 
heater coils before entering the 28 tubes which connect S to U. 

Extending in through tube O, is small tube Y, the inner end of 
which is entirely within the intake end of tube O,. At the extreme 
inner end of this tube is one group of junctions of a multiple-junction 
differential thermopile composed of 18 chromel-copel thermocouples 
connected in series with those of the second group of junctions, also 
in Y, midway between the 16-in. tube and the 24-in. pipe. These 
two groups of junctions are indicated by T, and T; in figure 8. A 
single pair of leads extends out through tube Y to a reflecting galva- 
nometer with a scale at 1 m distance. 

Both inlet tube N and outlet tubes O; and O, are mounted within 
larger tubes. The spaces between these tubes and the water tubes 
are filled with insulation consisting of balsa-wood cubes L, and layers 
of aluminum foil separated by balsa-wood strips K. 

After the large gas stream leaves the heat exchangers it passes 
through a series of four mixing baffles, A’ in figure 2, two sets of 
radiation shields B’, and on to the outlet of the proportioning chamber. 
In the passage of the small gas stream there are no baffles, but there 
is a pressure balancing valve F. The force to operate this valve Is 
obtained from a sylphon bellows mounted in a chamber. This 
bellows chamber is connected to the outside of the proportioning 
chamber by a tube to which either pressure or suction for operating 
the valve may be applied through valves G and G’. The purpose of 
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valve F is to introduce additional pressure drop in the small gas stream 
so that the pressure drops in the two gas streams will be more nearly 
the same, since without it, the pressure drop in the large gas stream 
would be greater at most rates of flow, than in thesmall stream. The 
difference of pressure between the two streams is measured by a mer- 
cury manometer connected to pressure tubes H; and H;. 

Located across sections 2-2 and 3-3, figure 2, between radiation 
shields B’, are two sets of thermocouple junctions. At section 2—2 
there are 12 single junctions, and the leads from each junction go to a 
junction block on the outside of the proportioning chamber housing. 
By means of this junction block it is possible to connect any one of the 
12 junctions in series with any one of the remaining 11 junctions in a 
galvanometer circuit. In this way it is possible to determine the 
difference in temperature between any two of the 12 junctions within 
about 0.02° F. 

Distributed over section 3-3 there are in all 36 junctions comprising 
a second multiple-junction differential thermopile. As shown by the 
view of section 3-3 in figure 2, 18 of these junctions are spaced uni- 
formly over the cross section of the large gas passage, and the other 
18 are distributed over the section of the small gas passage. These 
two groups of junctions are connected in a circuit containing a 
second reflecting galvanometer. 

At several sections along the chamber single thermocouple junctions 
have been attached to the inner and outer walls of the small gas 
stream passage. Section 2-2, figure 2, illustrates such a section. 
Other junctions have been placed along the surface of the 16-in. tube 
J. In figure 2 the locations of the thermocouple junctions are indi- 
cated by the solid dots. The purpose of the junctions is to make it 
possible to measure the differences in temperatures between these 
various points in the proportioning chamber. 

At the inlet end of the proportioning chamber, the annular space 
between the 24-in. pipe and the 16-in. tube is completely closed by a 
solid supporting ring. At the outlet end this space is normally open 
so that the entire space is subjected to the outlet pressure. Thus, 
regardless of the pipe-line pressure, the 16-in. tube will never be 
subjected to a greater pressure difference than that due to the friction 
drop along the chamber. In order to be able to test for leaks, pro- 
vision has been made for completely sealing off this space by means 
of rubber tube E, figure 2, which may be inflated at any time through 
a tube to the outside. 

As the gas in the large passage flows through the heat exchanger its 
temperature rises, and ordinarily the temperature of the adjacent 
section of the 16-in. tube would follow this temperature change to 
some extent. This would tend to increase the heat loss by radiation 
and conduction. An attempt has been made to reduce these effects 
as much as possible by arranging for most of the temperature change 
between the inlet and outlet ends of the 16-in. tube and 24-in. pipe 
to take place over a very narrow band, which, for convenience, may 
be called the band of temperature change. At the section X-X, 
figures 2 and 8, the 16-in. tube is encircled by two 0.5-in. tubes placed 
about 1 in. apart. These tubes are clearly shown in figure 3, just 
to the left of the large hole in the 16-in. tube. Each encircling tube 
is connected to the 16-in. tube by several pairs of longitudinal tubes, 
as also shown in figure 3. Consider first the upstream (left in fig. 3) 
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encircling tube and its connecting tube. Because of the baffles and 
radiation shield within the 16-in. tube, the static pressure of the gas 
at the openings of the long longitudinal tubes will be slightly higher 
than at the openings of the short longitudinal tubes. Some gas will 
therefore enter the longer tubes, flow to and around the encircling 
tube and back into the large gas stream through the short tubes, 
This circulation of the inlet gas will tend to keep the 16-in. tube at 
the inlet gas temperature as far downstream as the encircling tube. 

Opposite the two encircling tubes the 24-in. pipe is encircled by 
two sheet metal disks 2 in. apart, which form a hollow partition 
between two sets of water sprays. The water sprayed onto the inlet 
portion of the casing is maintained at the inlet gas temperature, 
as nearly as possible, while that sprayed onto the outlet section is 
maintained at the outlet gas temperature. 


4. PISTON DISPLACEMENT METER 


The tally meter used to measure the small gas stream is a piston 
meter of the positive displacement type. As is shown in figure 1, 
this meter has two main parts or chambers, the first being the relief 
bell and valve chamber R, and the second, measuring chamber P. 
The side wall of each chamber is a 5-ft length of 24-in. heavy-walled 
steel pipe. One series 60 and three series 40 blind flanges form the 
tops and bases of the chambers, the heavier flange serving as the 
base of the measuring chamber. This heavy construction of these 
chambers was adopted so that the meter might be safely operated 
under line pressures as high as 600 lb/in’. 

The measuring cylinder is made of cast iron about 1 in. thick and 
about 5 ft. long. It was machined on the outside and carefully 
ground on the inside to an average diameter of 20.522 in. With this 
cylinder in a vertical position, measurements of four diameters in 
each of five sections agreed within + 0.001 in. The sections at which 
these measurements were made were spaced uniformly along the 
length of the cylinder. The cylinder stands on a thin paper gasket 
in a groove cut in the series 60 blind flange. It is entirely free of the 
chamber walls and top, so that variations in the gas pressure should 
not affect its volume. The annular space between the cylinder and 
chamber wall is partly filled with oil so as to prevent gas leaking 
through the joint between the cylinder and base. 

The piston, also of cast iron, has three grooves. The two outside 
gro ves hold cast-iron piston rings, while the middle groove acts as 
an oil distributing header. Each piston ring is backed with 24 coil 
springs that give it bearing pressures equal to those used on steam 
engines. The oil distributing header is connected to a small oil 
reservoir located on the top of the piston at its center. The level 
of the oil in this reservoir is kept high enough that the pressure of the 
oil in the oil groove is greater than that of the gas on either side of 
the piston. Thus, oil will continually seep out between the piston 
and cylinder and prevent gas leakage past the piston. 

A 2-in. piston rod, fastened to the under side of the piston, extends 
through a lapped bronze bushing in the cylinder housing base mto 
the ener cylinder. As will be more fully explained, oil pressure 
against the end of this rod operates the piston. In addition, the rod 
serves as a guide to keep the piston from tilting. 
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In order to compute the piston displacement, the stroke of the 
piston must be known. This is measured as follows: A phosphor- 
bronze wire extends from the top of the piston, through a lapped 
gland on top of the cylinder housing and is attached to a steel contact 
button. At the top of a 6-ft post mounted on the cylinder housing 
there is a pulley over which a steel ribbon passes. One end of the 
ribbon is attached to the contact button and the other to a counter- 
weight, which keeps the ribbon and wire taut as the piston moves 
up and down. As the piston nears either end of its stroke, the contact 
button passes through a guide sleeve and comes to rest against the 
arm of a dial micrometer or indicator. The piston remains at the 
end of the stroke long enough for a reading of the micrometer to be 
made. The micrometers are mounted on the ends of a rod so that 
they may be turned simultaneously to bring the ends of the contact 
arms onto the ends of a steel reference bar, and a second reading of 
the micrometer taken. By comparing the two sets of micrometer 
readings, which may be made to 0.001 in., with the known length of 
the steel bar, the stroke of the piston is determined. Two of these 
steel bars were made and their lengths compared; then one was taken 
to the National Bureau of Standards to be calibrated and kept for 
reference, while the other remains in use at Joliet. 

The gland through which the bronze wire passes is in the top of a 
steel forging mounted on top of the cylinder housing. Just below the 

land there is a duct through which oil is fed to the center of the forg- 

ing, so that the oil may flow down the wire into the oil reservoir on 
top of the piston. Near the base of the forging there are two small 
glass windows, diametrically opposed, through which the oil level in 
the piston reservoir may be observed, the top of this reservoir being 
a glass tube. 

Within the relief bell housing there is a sheet-metal inner wall 
attached at the base to the housing wall and extending up about half 
the height of the chamber. The annular tank thus formed is about 
an inch wide. It is filled with mineral seal oil in which the relief 
bell is suspended, as shown in figure 9. The relief bell is made of 
sheet zinc 0.01 in. thick, and is guided by six wires so that it cannot 
touch either wall of the annular tank. A phosphor-bronze wire fas- 
tened to the top of the bell extends up through a lapped gland in the 
top of the bell beuak. The upper end of this wire is fastened to a 
chain which, in turn, wraps around and is fastened to an aluminum 
pulley of about 1 ft. diameter. The bell is balanced by a weight sus- 
pended by a second chain also wrapped around and fastened to the 
aluminum pulley. The two chains are of such size that as they wind 
and unwind from opposite sides of the pulley they balance the buoy- 
ancy effect of the oil on the bell. The reason for fastening the chains 
to the pulley, so that any movement of the bell rotates the pulley 
without slippage, will be explained later. 

In the space under the relief bell there are located the D-slide valve 
which directs the gas flow to and from the measuring cylinder; the 
small oil cylinder and piston for operating the D-valve, G, figure 11; 
the 4-way cock H, which controls the movement of this piston; the 
two 2-way cocks I, which control the direction of oil flow to the main 
oil cylinder below the measuring cylinder; and an oil sump or reservoir. 

The D-valve and seat are made of cast iron and the sliding surfaces 
ground to fit. Two oil sprays, one above and the other below the 
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valve, and controlled from outside, permit positive lubrication of the 
sliding surfaces while the meter is in operation. In this way the pos- 
sibility of gas leakage between these surfaces is minimized. 
Although, for convenience of illustration, it is not so represented in 
figure 11, the 4-way cock is actually located in the bottom of the oil 
sump, with its core vertical. An extension attached to the core passes 
through the base of the bell housing so that, by means of a lever 
attached to the extension, the cock may be operated from the out- 
side. In one position oil from the pump is delivered to one end of 
small cylinder G, forcing the piston therein to the opposite end. The 
movement of this piston moves the gas D-valve from one end position 
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FicurE 9.—Gas passages through the piston meter. 


to the other by a simple yoke connection. By means of lugs on this 
yoke the movement of the small piston also closes one of the 2-way 
cocks I, and opens the other. These lugs are so placed that the D- 
valve moves about two-thirds of its travel before the 2-way cocks are 
moved. Turning the 4-way cock through 90° admits oil to the other 
end of the small cylinder causing the piston to move the D-valve to 
its other position and to reverse the open and closed relation of the 
2-way cocks. 

The oil sump is open to the gas pressure and therefore the oil pump 
supplies only the additional pressure required to operate the large gas 
piston. This also makes it unnecessary to change the adjustment of 
the relief valve for different gas pressures. 
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The outside of the two pressure vessels and all of the gas and oil 
piping of the piston meter are sprayed with water from a constant- 
temperature tank. The rate of circulation of the spray water is about 
g0 gallons per minute. This water may be maintained at any desired 
temperature by a sensitive thermostat which operates on a tempera- 
ture differential of about 0.1° F. Both the support for the stroke- 
measurement mechanism and the calibrated bar are kept at this same 
temperature by jacketing with water from the constant-temperature 

nk. 

’ 5. HOW THE PISTON METER WORKS 


Some of the details of the displacement meter and the functions of 
sme parts already described, can be best explained by describing a 
cycle of operation. The connections by which the small gas stream 
is conducted to, through, and from the piston meter are shown 
diagrammatically in figures 1 and 9. 

As the small gas stream leaves the proportioning chamber it passes 
through a heat exchanger (not shown on any of the sketches) where 
itis brought to the piston-meter temperature, and it then enters the 
relief bell chamber on the under side of the bell. With the D-valve 
at the left end of the stroke, as shown in figure 9, gas will pass from 
under the bell to the top of the piston. At the same time gas escaping 
from under the gas piston passes through the D-valve to the top of 
the bell chamber, whence it is piped back to the main stream. When 
the gas piston has reached the end of its stroke it remains stationary 
for a few seconds, during which interval the gas entering the system 
causes the relief bell to rise, displacing gas from the space above the 
bell into the outlet connection. Because of the careful counter- 
balancing and the light construction it requires so little gas pressure 
to move the bell up or down, that differential pressure across this 
bell is entirely negligible, regardless of its position, rate of movement, 
or direction of movement. 

As the gas piston nears the end of its stroke (within less than 
0.1 in.) the contact button of the stroke measuring mechanism causes 
an extension attached to the indicator arm to close small snap switch 
A, figure 10. When the piston has come to rest, the inflow of gas is 
taken up by the relief bell, which rises and thereby rotates the 
aluminum wheel. As this wheel rotates, adjustable striker U mounted 
on the rim closes the second snap switch B. This completes an 
dectrical circuit to supply current from dry-cell batteries to one of 
the solenoids S. The energized solenoid pulls a trigger that releases 
a water-filled bucket, which in falling pulls the 4-way cock lever 
through an are of 90°. As one water bucket falls, it pulls the other, 
which is empty, up into place to be filled and ready for the next 
reversal. Heavy lighting circuit toggle switches T are connected in 
each solenoid circuit and are operated by the 4-way cock lever in 
sich a way that as soon as the lever has swung a few degrees the 
toggle switch in the closed circuit is opened, and the other toggle 
switch is closed. This manner of opening the solenoid circuits 
ayia small snap switches, which would otherwise be burned 
out quickly. 

As the gas piston moves downward, the piston rod displaces oil 
fom the cylinder, and the oil flows back to the oil sump through the 
lower 2-way cock, as shown by the solid arrows in figure 11. Near 
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Ficure 10.—Electric circuits which control the operations of the piston meter. 
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the end of its stroke the piston rod automatically operates one of 
two sleeve valves, D in figure 11, which gradually shuts off the oil 
flow, thus bringing the piston to rest gently. The rate of accelera- 
tion or deceleration of the piston may be varied by adjustments of 
the sleeve valves. The length of time that the gas piston remains 
stationary at the end of its stroke is regulated by the position of the 
striker on the rim of the large aluminum pulley. 

As previously described, turning the 4-way cock through 90° 
results in shifting the D-valve and reversing the open and closed 
positions of the 2-way cocks. With these cocks reversed, oil under 
pressure from the oil pump starts to flow back into the large oil 
cylinder and to raise the piston rod and gas piston. As the shifting 
of the D-valve is completed before the 2-way cocks are fully reversed 
there is no chance for the gas piston to move before the D-valve is 
in place. 

There are three other valves in the oil line which remain to be 
described and their functions explained. These are: Valve E, fig- 
ure 11, for regulating the rate of flow of the oil; valve F for direct- 
ing the flow of the oil through the proper sleeve valve; and relief 
valve C. 

The connections between valves E and F and sleeve valves D and 
D’ in the base of the oil cylinder are shown diagrammatically in 
figure 12. This figure also indicates the essential features of con- 
struction of these valves. Starting with the gas piston descending, 
as in figure 9, oil is leaving the oil cylinder through valves D and F, 
as indicated by the solid arrows, in Figure 12. When the gas piston 
has come to rest, the relief bell rises, thereby rotating the large 
aluminum pulley, figure 11. This pulley is mounted on and rigidly 
fastened to the core of valve E, and the raising of the bell rotates the 
core in the direction to open the valve. After the D-valve and the 
4- and 2-way cocks have been reversed, as previously explained, oil 
starts to flow back into the oil cylinder through the same passages, as 
shown by the solid arrows but in the opposite direction. The inflow 
of oil into the oil cylinder causes the piston rod and gas piston to rise, 
thereby releasing valve D, which is opened wide by a spring. With 
both valves D and E wide open, oil enters the cylinder fast enough to 
cause the rate of displacement of the gas piston to exceed the rate of 
inflow of gas under the relief bell, so that the bell falls. As the bell 
nears the bottom of its travel it nearly closes valve E. This sets up a 
differential pressure across the valve, which is communicated to the 
ends of valve F, and as the pressure at end 1 is greater than at end 2, 
the piston in valve F moves to the right to position 2 shown in dotted 
outline. This causes the oil to enter the oil cylinder through valve 
D’, which is also wide open, as indicated by the dotted arrows. The 
tate of flow of the oil continues to be controlled through valve E 
by the position of the relief bell, so that the displacement rate of the 
gas piston exactly equals the volume rate of flow of the gas. It was 
expected that in order to secure this balance there would be a small 
ig of “hunting” by the bell, but there has appeared to be almost 

one, 
_ As the gas piston nears the end of its travel the piston rod engages a 
link which gradually closes valve D’, bringing the gas piston to rest 
gently. After the D-valve and 4- and 2-way cocks are reversed oil 
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Ficure 11.—Diagrammatic representation of the oil circuit by which the power to 
operate the piston meter is transmitted. 
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starts to leave the oil cylinder along the path of the dotted arrows, but 
jn the opposite direction. Again, as the displacement rate of the gas 
piston overtakes the rate of gas flow the relief bell closes valve E. 
This time, however, the difference of pressure across valve E is in the 
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Figure 12.—Diagram of connections between valves D, D’, E, and F. 








opposite direction, so that the pressure at end 2 of valve F is greater 

than at end 1, and the piston in valve F is forced back to position 1. 

Oil now leaves the oil cylinder along the path of the solid arrows, and 

acycle of changes is completed. 

_ Relief valve or unloading valve C, figure 11, is located in a by-pass 
® connecting the oil-pump discharge to the oil sump. When the 
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gas piston and piston rod are descending and the upper 2-way cock is 
closed, this relief valve permits the discharge from the pump to return 
to the oil sump without subjecting the pump and piping to excessive 
pressures. 


6. CAPACITY RANGE OF THE REFERENCE METER 


The maximum capacity of the reference meter is limited by the 
strength of the supporting members within the proportioning chamber 
and the strength of the dividing wall between the two heat exchangers, 
The rods supporting the radiation shields, mixing baffles and heat 
exchangers were designed to withstand an overall pressure drop 
from inlet to outlet of the proportioning chamber of 10 lb/in.?. The 
wall separating the two gas passages was likewise designed and 
tested to withstand a pressure difference of 10 lb/in.?.. Then in order 
to provide a factor of safety against overloading the supporting rods 
and separation wall, it was decided to set 5 lb/in.? as the maximum 
over-all pressure drop at which the meter should be operated. 

It was found that the over-all pressure drop was about 2 l|b/in?, 
with a flow of about 73,200 ft® /hr at an inlet pressure of 215 lb/in?, 
This is equivalent to about 120,000 ft* /hr at an inlet pressure of 
200 lb/in.? and with an over-all pressure drop of 5 lb/in.?. For a 
fixed pressure drop through a given length of pipe, we have from the 
usual equation for fluid flow through closed channels, that the volume 
rates of flow are inversely proportional to the square roots of the line 
pressures. The values in column 2 of table 1 were computed from 
this relation. 


TaBLE 1.—Calculated safe capacities of Joliet reference meter 
[All rates of flow are in cubic feet per hour] 





2 3 4 & 6 7 8 9 





Safe rates of flow | Safe rates of flow into Piston meter Piston meter 

into proportioning proportioning displacements at displacements 

chamber, at line chamber, reduced ne reasure reduced to 14.7 
to 14.7 Ib/in.? Pp 





Mini- 
mum 


Ib/in.? i- ini- Mini- 

abs. mum 

14.7 400 400 

50 J ‘ 1, 360 
100 ‘ . 2,720 
200 , , 633, 5, 440 
300 . , 000, 8, 160 
400 , , 310, 10, 880 
500 * , 580, 13, 600 
600 4 , 823, 16, 320 


Ss 
5 §. 


SEESEEE5 



































As the piston meter is now constructed, the maximum rate at which 
it can be operated corresponds to a displacement of 2,000 ft* /hr. 
This is approximately equivalent to three strokes or 1% cycles per 
minute. In order to make it operate at a higher rate, it would 
necessary to increase the weight of the gas piston in order to provide 
an increased pressure for driving the oil out of the oil cylinder on the 
downward stroke; and a higher oil pressure would then be required to 
raise the gas piston. Moreover, when tke piston is moving at a 
displacement rate of 2,000 ft®/hr, there is a difference of about 4 im. 
of water between the gas pressures on the two sides of the piston. 
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The oil seal, provided by the reservoir and middle piston groove, is 
adequate to this pressure difference, but it would not be if the pressure 
difference were increased very much, as would be the case at a higher 
displacement rate. 

Theoretically, the displacement rate of the piston meter may 
decrease almost to the vanishing point, but practically a minimum 
rate of displacement is reached when the movement of the gas piston 
becomes irregular. This irregular operation is apparently due to gas 
dissolved in the oil escaping from solution and forming gas pockets 
in the oil piping. In some preliminary trials this difficulty was 
encountered at a displacement rate of about 400 ft®/hr or one stroke 
in2 minutes. At that time the difficulty was overcome by removing 
the gas bubbles through vents. There has been no occasion to see 
how much farther the displacement rate could be decreased in practice, 
but it is believed that a displacement rate of 100 ft®/hr or one stroke in 
8 minutes might possibly be reached. In preparing table 1 a mini- 
mum displacement rate of 400 ft*/hr is given as a conservative value 
(column 7), this being the lowest rate at which the meter has actually 
been operated. 

The proportioning ratio at which the meter can be operated depends 
upon the relative areas of the heat transferring surfaces of the two 
heat exchangers, and upon the regulation of the water flow, which 
can be obtained by the by-pass around the large heat exchanger and 
the valves on the outlets of the two heat exchangers. The range 
over which this proportioning ratio may be thus varied conveniently 
is from about 5:1 to about 60:1. Since the maximum displacement 
rate for the piston meter is 2,000 ft*/hr this limits the maximum rate 
of flow into the proportioning chamber to 120,000 ft*/hr, as shown in 
column 2, table 1, for line pressures below 200 lb/in.? 

If the outlet to the large gas passage is blanked off all of the gas 
will then pass through the displacement meter. This converts the 
reference meter from a proportional meter into a simple displacement 
meter. In this way, also, the minimum capacity of the reference 
meter becomes the same as the minimum rate of displacement of the 
piston meter. Hence, in table 1, the figures in column 3 and 5 are 
the same as those in columns 7 and 9. 



























V. OPERATING THE JOLIET REFERENCE METER 


l. QUANTITIES OBSERVED WHEN OPERATING THE REFERENCE 
METER 






Observations of the following quantities are made and recorded 
when operating the reference meter: 


1. Weight of water from small heat exchanger. 
2. Weight of water from large heat exchanger. 
3. Gage pressure of the gas in the piston meter. 
4. Temperature of the gas in the piston meter. 
5. Length of piston strokes. 
6. Number of piston strokes or cycles. 
7. Duration of run (i. e., length of test period). 
8. Specific gravity of the gas. 
. Barometric pressure during the period of the test. 
10. Difference between the pressures of the gas in the large and small gas 
streams at the gas differential thermometer (section 4—4, figure 2). 
1. Temperature of the gas entering the proportioning chamber. 
12. Temperature of large gas stream at proportioning chamber outlet. 
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13. Difference in temperatures of water streams leaving the two heat exchangers, 

14. Difference in temperatures of the large and small gas streams leaving 
proportioning chamber. 

15. Temperature of the water entering the heat exchangers. 

16. Pressures of water at inlet and outlet to heat exchangers. 

17. Temperatures of the inlet and outlet sections of the proportioning chamber 
case (i. e., temperatures of the bath waters with which these sections are sprayed), 

18. Temperature of the piston meter bath water. 

19. Differential pressure across relief bell. 

Items 1 to 9, inclusive, are necessary for computing the rate of 
flow through the reference meter. Since any error in measuring or 
recording these quantities will affect the final result in greater or lesser 
degree, it is necessary to study the effects of errors in each quantity 
upon the final result, so that each quantity may be measured with the 
necessary degree of precision. ' 

Items 10, 11, and 12 are not needed in computing the rate of gas 
flow unless the pressure adjusting valve in the small gas stream F, 
figure 2, is not used, or is inoperative. In such a case these items are 
used for computing a small correction for the Joule-Thompson effect, 

Items 13 and 14 never enter directly into computation of the flow, 
but since the determination of the proportioning ratio assumes that 
these differences are sensibly zero it is necessary that they be indi- 
cated and observed very carefully. ie a 

The remaining five items are used only as guides in the operation 


of the meter. 


2. INSTRUMENTS AND METHODS OF MEASUREMENT 


The weight of the water flowing from the small heat exchanger is 


determined with an equal arm over-and-under scale. The balance 
has a capacity of 30 lb, and the value of the smallest weight used with 
it is 0.1 lb. In addition, the balance is equipped with a scale and 
pointer with which readings may be made to the nearest 0.001 |b. 
The general procedure followed when operating the meter is to weigh 
about 20 lb of water at a time. Two pails uf equal capacity are used 
alternately for collecting and weighing the water. 

The weight of water flowing from the large heat exchanger is deter- 
mined with two beam scales of 300-lb capacity. The beams of these 
scales have a range of 3 lb divided to % oz. Ordinarily, about 250 
pounds of water are weighed at a time and the scale beam setting read 
to the nearest ounce. Each scale is equipped with a weigh tank, and 
pe one tankful is being weighed and emptied the other tank is 

ng. 

Both of the scales and also the balance were calibrated for commer- 
cial accuracy by the Bureau at its track-scale depot in Clearing, near 
Chicago. In addition, intercomparisons have been made between 
the indications of these scales and master scales maintained by the 
Chicago Department of Weights and Measures. The results of these 
comparisons are utilized in calculating the results of a test. 

The gage pressure of the gas in the piston meter, item 3, is measured 
with a dead-weight gage tester modified as so to be conveniently | 
as a piston gage. Special weights were made for use with this piston 
gage, which permitted the measurement of pressures to 0.01 Ib./in’, 
although it is not always necessary to measure pressures closer 
to the nearest 0.1 lb/in.?.. During a test, readings of the gas pressure 
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in the piston meter are made at 4-minute intervals. (A more detailed 
description of this piston gage is given in Appendix B.) 

The temperature of the gas in the piston meter, item 4, is not 
measured directly but is assumed to be the same as that of the con- 
stant-temperature bath water. The temperature of the bath water, 
item 18, is measured with a mercury-in-glass thermometer graduated 
to 1° F, which has been compared with a thermometer calibrated by 
the Bureau. The indications of the thermometer in the water bath 
are estimated to the nearest 0.1° F, and these readings are made at 
9-minute intervals. 

The length of each piston stroke, item 5, is obtained by readings 
of the dial micrometers (described in section IV—4) at the end of each 
stroke. Although it is not necessary to know the stroke of the gas 
piston to less than 0.01 in., indications of the dial micrometers may 
be read easily to the nearest 0.001 in. 

The number of piston strokes during a test, item 6, is recorded by 
the observer taking the micrometer readings. Each stroke of the 
piston is also recorded on a chronograph by means of an electrical 
connection. 

The length of a test period, item 7, is determined by means of a 
clock with a mercury-compensated seconds pendulum. This clock is 
equipped with a sweep second hand, and may be regulated so that its 
variations will be less than 5 seconds a day. 

In order to reduce the errors of observing the time at the start and 
end of a test, and to obtain a permanent record against time of several 
of the meter functions, a multiple-pen chronograph is used. By means 
of a photoelectric-cell system, one of the pens records the time in 
seconds, as measured by the clock pendulum. Other pens are con- 
nected to record each stroke of the gas piston, and the starting and 
stopping of the water flow into each weighing tank. 

The specific gravity of the gas, item 8, is determined with a gravity 
. During a test this determination is made at about half-hour 
intervals. 

The barometric pressure, item 9, is determined with a mercurial 
barometer located in a building about 100 yd from the meter, and at 
the same elevation. One reading is taken during each test period. 

The differential pressures between the gas streams at the section 

of the differential thermometers, item 10, and across the relief bell, 
item 19, are obtained with liquid manometers designed to withstand 
safely the line pressures. Mercury is used in the manometer for 
item 10, and mineral seal oil in the manometer for item 19. During 
a test these manometers are read at 2-minute intervals. 
_ The temperature of the gas entering the proportioning chamber, 
item 11, and the temperature of the large gas stream leaving the pro- 
portioning chamber, item 12, are determined with mercurial thermom- 
eters similar to that used for item 4. These thermometers are 
Inserted in stainless steel wells partially filled with mercury. The 
wells are located in the 10-in. pipe conveniently close to the inlet 
and outlet of the proportioning chamber. Readings of these ther- 
mometers are taken at 2-minute intervals. 

The multiple-junction thermopiles used to determine the differ- 
*hees in temperatures of the water streams and gas streams leaving 
the heat exchangers, items 13 and 14, have been described in section 

~8. As there are 18 pairs of chromel-copel junctions in each differ- 
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ential thermometer and the resulting electromotive forces are 
measured with high quality reflecting galvanometers equipped with 
scales at 1 meter distance, it is possible to detect temperature differences 
of about 0.001° F. Item5isdetermined with a mercurial thermom- 
eter which is read to the nearest degree Fahrenheit every 2 minutes, 

The water pressures at the inlet and outlet to the heat exchangers, 
item 16, are measured with bourdon-tube type pressure gages, which 
are read at 2 minute intervals. 

The temperature of the water sprayed on the upstream section of 
the proportioning chamber case, item 17, is obtained with a mercurial 
thermometer read to the nearest degree Fahrenheit every 2 minutes, 
The temperature of the downstream section of the case is presumabl 
the same as that of the piston meter because the spray water for both 
is drawn from a common sump. Each section of the case is sprayed 
with water at the rate of about 30 gallons per minute. 


3. PROCEDURE OF OPERATING THE REFERENCE METER 


Before starting a test with the reference meter it is necessary to 
bring all parts to a state of thermal equilibrium. To do this requires 
the following operations, which are carried out in close succession or 
simultaneously by the several members of the crew. All of the 
pumps supplying water for the sprays are started and the spray- 
water temperatures brought to the desired values as soon as possible. 
After these temperatures are obtained, that of the water spraying 
the inlet section of the proportioning chamber case is maintained by 
manual control, while that of the water to the outlet section and the 
piston meter is maintained by a thermostat. 

The gas flow through the meter is started and adjusted to the desired 
rate. The steam boiler is started and also the pump for circulating 
water through the heat exchangers. The water valves at the outlets 
of the two main heat exchangers are adjusted to give the desired rate 
of water flow through each. After steam is up and hot water is bei 
circulated through the heat exchangers, the circuits of the differentia 
thermocouple thermometers in the gas and water streams are closed 
and the relative rates of flow of the two gas and water streams adjusted 
until their corresponding temperature differences are approximately 
zero. Most of this regulation is made by means of the valve in the 
large heat exchanger by-pass W, figure 8, and the gas valve in the 
piston-meter outlet K, figure 1. When a stable condition of tempera- 
tures has been obtained observation of the differential thermometer 
galvanometers is discontinued and the circuits are opened to avoid 
possible injury to the galvanometers, while the reference meter 1s 
operated under these adjustments for a period of 1 to 2 hours, | 

During this stabilizing period the gas flow is kept constant. Since 
the temperature of the incoming gas is not constant it is necessary 
continually to adjust the valve in the by-pass of the steam to water 
heater F, figure 1, so that the temperature of the gas ep the 
proportioning chamber shall be approximately equal that o the 


piston-meter bath water. As the piston of the piston meter is not 
operated during this period, the relief bell rises out of the sealing oil 
and permits the gas to flow in and out of the relief chamber without 
entering the measuring cylinder. 


At the end of the stablizing period, oil-pump J, figure 11, is wares 


and? the¥ piston of the?piston meter thereby set in motion. 
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automatically causes the relief bell to fall into the sealing oil. The 
circuits of the differential thermocouple thermometers are again 
closed, and any necessary adjustments made to the water and gas 
streams to bring the temperature differences between the two gas 
streams and between the two water streams substantially to zero. 
This temperature balance is continually observed and maintained 
throughout the test, thus fulfilling the conditions 6 and 7, stated in 
section 1V-1. 

After the piston meter has been in operation from 15 to 30 min- 
utes, and all conditions about the reference meter have become 
stabilized, the meter is ready for a test, and the chronograph is 
started. The start of a test is made when the piston is at one end of 
its stroke, and the exact instant of starting is when one of the triggers 
releases the lever of the 4-way cock. The approach of the starting 
instant is indicated by the aluminum wheel, figure 10, starting to 
revolve. At the instant the lever starts to move the water streams 
from the two heat exchangers are diverted into empty weighing tanks. 
Not only is the shifting of the valves and the diversion of the water 
streams recorded by the chronograph, but at the instant of starting, 
the clock is also observed and the time recorded.? 

Subsequent diversions of the water streams to empty weighing 
tanks are always made as the valves reverse in exactly the same 
part of the piston-meter cycle, as indicated by the position of the 4-way 
cock lever. The procedure for ending a test is similar to that of 
starting. The most important reason for starting and stopping the 
test the instant the 4-way cock lever starts to move from one and 
the same side of its swing is to have the volume of gas under the 
relief bell at the end of the test equal to that at the start. In order 
that there might be no lost motion between the movements of the 
relief bell and the striker on the aluminum wheel the chains supporting 
the relief bell and its counterweight were fastened to the wheel. In 
this connection it may be pointed out that it would not be satis- 
factory to start and stop the run at the instant the large gas piston 
comes to rest because, due to the deceleration of the gas piston by sleeve 
valves D, figure 11, the relief bell starts to rise before the gas piston 

comes to rest. 

Throughout a test it is necessary to maintain the total mass rate 
of flow of the gas as nearly constant as possible. To accomplish 
this an orifice is located about 30 ft. upstream from the proportioning 
chamber inlet, and a sensitive differential pressure gage (described in 
Appendix B) is connected across the orifice. An observer stationed 
by this gage can keep the differential pressure within very close 
limits by operating the valve at reference-meter outlet M, figure 1, 
through a system of pulleys and cable connections. The static 
pressure in the line is normally maintained constant within a com- 
mercial limit of 2 or 3 Ib./in.*, by automatic pressure regulators located 
about 3 miles upstream. If closer regulation than this should be 
required, an operator could be sent to the regulator station to control 

® pressure manually. 


LT 
' This was accomplished by the use of an auxiliary signal to the observer at the clock, since the clock is 
ina separate building from that housing the reference meter. 
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VI. TESTS MADE WITH THE REFERENCE METER 
1. GENERAL PROCEDURE 


To study the performance of the reference meter a series of tests 
were made of an orifice meter. As already stated, an orifice is used in 
connection with the regulation of the rate of flow; and the determi- 
nation of the discharge coefficient of the orifice offered a convenient 
method of making such a study. For computing the discharge 
coefficients, the rates of flow calculated from the reference-meter 
readings were taken as correct. This of course means that any 
variations found between the values of the discharge coefficient 
computed from different tests reflect the possible errors of observa- 
tion and operation of both the orifice meter and the reference meter, 
In making these tests, not only was the rate of flow varied, but the 
proportioning ratio and the temperature rise of the gas were also 
varied over such ranges as could be covered conveniently in the time 
then available. 

The data required for the orifice in addition to those for the reference 
meter were the static and differential pressures at the orifice, and the 
temperature of the gas passing through the orifice. To obtain more 
data on the orifice, two pairs of pressure taps were used in connection 
with the orifice; with one of these pairs, the flange taps, the pressure 
holes were located 1 in. from the orifice plate; with the other pair, 
the pipe taps, the taps were 2% pipe diameters upstream and 8 pipe 
diameters downstream from the orifice plate. 

During these tests a 6-in. square-edged orifice was used in the 
10-in. check meter mentioned in the introduction. 

The static pressures, taken from the upstream tap in each case, 
were measured with the same piston gage as used for measuring the 
static pressure of the piston meter. ‘These pressures were read to 
the nearest 0.10 lb. every 4 minutes, in rotation with that of the 
piston meter. 

The differential pressures were measured with special piston-type, 
differential pressure gages. (See Appendix A for detailed descrip- 
tion.) These gages were read to the equivalent of 0.002 in. of water 
once & minute. 

The gas temperature was taken to be the same at the orifice as 
at the inlet to the proportioning chamber, the same thermometer 
reading being used for both. 


2. OBSERVED QUANTITIES AND COMPUTED RESULTS FOR THE 
JOLIET REFERENCE METER 


The observed data from the operation of the reference meter for 
the 15 tests are presented in table 2. The data in columns 11, 12, 
and 13, were necessarily obtained from auxiliary apparatus entirely 
apart from the meter, but are essential to computing the rate of flow 
through the meter. The data in columns 14 to 19, inclusive, are 
not needed for computing the rate of flow but are of interest and 
assistance in operating the meter. 
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TABLE 2.—Quantities observed when operating the Joliet reference meter 
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Table 3 gives the computed rates of flow of gas through the reference 
meter, and also the values for the more important intermediate steps, 


TaBLE 3.—Computation of rate of flow of gas through Joliet reference meter 





1 2 3 4 5 | 6 | 7 | 8 | 9 10 





Tem- Rate of flow of gas 


pera- Gas den- 
det Propor- sity at 
gas in —— tioning — Through | Through 
propor- factor | TtlO | condi- piston | reference 
tioning Cn tions B meter meter 
cham- : é V W, only wg (Cm) 

= ws w 

AT, 








° 


Sees gp MM BOS My 


KIO wr 


lb/ft # Ib Ib/sec 
0.99918 | 38.338 | 0.76414 ‘ 837. 64 0. 16319 
. 99909 | 37.986 | .76760 , 857. 94 - 16505 
1.00264 | 14.777 | .77250 | 2,966. 2, 291. 37 - 41116 
1.00231 | 14.656 | .77046 | 3,009. 2, 318. 15 - 41366 


- 99802 | 41.979 | .77193 
- 99778 | 41.079 | . 76703 
14.506 | .77726 
14. 267 


26. 260 
26. 293 


33. 932 
35. 867 
34. 970 
34. 427 
34. 485 


833 
38 
Bz 


2 85 2 


OonNao @SeENoO 
SR2BSI Ne SSRs 


SNOon #Ohre 
_ 
w 
a 


a 
eg 


3 38 


2SN88 82 


- 38519 
. 39442 
. 39973 
- 40011 


Sf 
noo 


— 
OO 
—_ pa 
aed 
BRB 


PEPEN NY NEE 
PNNYHK HD HP 


EE 






































During these tests gas-pressure balancing valve F, figure 2, was in- 
operative, so that the pressure of the gas at the plane of the gas diffe 
ential thermocouple ~ seme section 4—4, figure 2, was seldom 
the same in the large gas stream as in the small stream, due to the 
difference in the frictional resistance in the two gas passages. With 
the gas then being metered, this means that had there been no heat 
added by the heat exchangers the temperature of the stream at the 
lower pressure would have been lower than the temperature of the 
other stream by the amount of the Joule-Thompson effect. But since 
the meter was so operated that the temperature difference between 
the two gas streams was sensibly zero, the ratio of heat quantities 
added to the two gas streams was slightly greater or less than C,,, the 
ratio of mass flows of gas in the two streams, depending on the direc- 
tion of the pressure difference. But the fundamental concept under- 
lying the operation of the proportioning chamber involves the assump- 
tion that the ratio of the quantities of heat received by the gas streams 
from the water streams is equal to C’,, the ratio of the weights of 
water passed through the heat exchangers. Hence, to obtain the true 

as proportioning ratio, C,, a correction computed from the Joule- 
hompson coefficient for methane has been applied to the ratio of the 
observed water flows C’». 

The method of computing C, and the total mass rate of flow was 

as follows: 
Let 
C,=the gas proportioning ratio, i. e., the ratio of the 
mass of gas passing through the large passage t0 
the mass of gas — through the small passage 
in a given time interval. 
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C’,n=Tatio of weights of water passing through the heat 
exchangers in the same iateal 
c,(Btu/lb/°F) =specific heat of the gas at constant pressure. 
¢»(Btu/lb/°F) =specific heat of water. 
G=Specific gravity of the gas referred to dry air as unity. 
M(\b)=total mass of water to either heat exchanger. 
N=supercompressibility factor for the gas to correct for 
the departure from a linear relationship between 
pressure and density. 
n=number of cycles of piston meter during test interval. 
p(\b/in.”?) =absolute static pressure of the gas. 
Q(Btu) =quantity of heat transferred from the water to the gas. 
T(°F)=observed temperature of the gas. 
t(sec) time interval or duration of test. 
W (lb) =total mass of. gas through reference meter. 
w(lb/sec) =total mass rate of flow of gas. 
AT,(°F)=temperature change of gas. 
AT,,(°F)=temperature change of water. 
u’(°F/in. Hg)=Joule-Thompson coefficient for the gas under the 
average conditions in proportioning chamber. 
p(lb/ft®) density of the gas. 
Subscript L refers to the large gas stream or large heat exchanger. 
Subscript S refers to the small gas stream or small heat exchanger. 
Subscript 1 refers to the conditions in the proportioning chamber at 
section 1-1, figure 2. 
Subscript 4 refers to the conditions at section 4-4. 
If we assume there is no heat loss by radiation or conduction, 
then the ratio of the total quantities of heat received by the two gas 
streams is given by 


Qr_ MitwAT. __ Wzc,AT,— Wru'¢y(Pi—Pa)x (2) 
Qs MstwAT» Wescp4T,— Wsp'c,(pi—p)s 





_ Pi— Pada 
eae 
— ,/\Pi=P)s 
sbi AT, 
Since C= and is known, equation 3 is rewritten to give 
s 


1—p’ (Pi—P)s 





AT, 





(Pi— Pa) (4) 


oe 

From figure 2 it is evident that we may let (p,),=(p,)s; and if the 
meter were so operated that (p,4)s=(p.)z, the term in brackets in 
equation 4 would reduce to 1, and we should have C,=C’,. But 
when (p,)s~ (p,)z the term in the brackets represents the correction 
factor to allow for the Joule-Thompson effect. 

The composition of the gas passing through the meter was about 
85 percent of methane, the remainder being higher hydrocarbons and 
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nitrogen. The most recent data at hand * indicate that for methane 
at about 220 lb/in.’, absolute, and 60° F, un’ =—0.026° F/in. Hg. The 
ethane will tend to raise this more than the trace of nitrogen wil] 
lower it. Hence, for the present purpose, we have used the even 


value 
p’ =—0.08° F/in. Hg. 


In the tests here reported neither (p,)s nor (p,)s was measured, but 
only the difference (p4)s—(ps)z. Hence, equation 4 cannot be solved 
exactly, but by the use of (p,4)s— (y4)z We may get a very close approxi- 
mate solution. It was stated in section IV—6 that the over-all pressure 
drop along the proportioning chamber is restricted to 5 Ib/in.’, or 
about 10 in. Hg. Therefore, p;—p, will not exceed 10 in. Hg and 
will usually be much less. Furthermore, the lowest value of AT, 
observed was over 5° F. Thus, the maximum value of ae Ps) in 
either numerator or denominator of equation 4 will not exceed 0.06, 
and their difference will be less than 0.01. Under these conditions a 
close approximation to equation 4 may be obtained by setting 


On=0' a 1— fpr(1—P)s— @—poil) 
and since (p;)s=(p;)z, this reduces to 
Cn=C' nf 1+ se [(P)s—(P0a]) () 


It may be noted that the sign of y’ is negative, so that when 
(par< (Pa)s, On<C’ m. . : 

The values of (p,)s—(p4)z are given in column 5 of table 2. The 
values of AJ’, and the correction term are given in columns 2 and 4 
of table 3. 

The density of the gas leaving the piston meter was computed by 
the equation 


a pP»NG 
pr=2.6926 65-1)’ (7) 


and these values are given in column 6 of table 3. 
The quantities in the remaining four columns of table 3 were 


computed by the equations 
V,=21.494n. (8) 


Ws =Pp V,. (9) 


Ws >= W;3/t. (10) 
w=ws(Om+1). (ul) 


3: OBSERVED DATA FOR THE ORIFICE METER AND COMPARI- 
SON OF THE DISCHARGE COEFFICIENTS 


For presenting the observed data from the orifice meter, and for 
computing and reducing the discharge coefficients, the following 
additional symbols will be used: 

D (n.)=orifice diameter. 


3J. H. Perry and ©. V. Herrmann. Joule- Thompson effect of CHi, No, and mixtures of these gases. J. 
Phys. Chem. 39, 1189 (Dec. 1935). 
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K=discharge coefficient with velocity of approach factor 
included. 
k=ratio of specific heats of the gas assumed to be 1.28. 
w,(lb/sec) theoretical mass rate of flow of gas through the orifice. 
z=ratio of differential to upstream static pressure. 
Y=expansion factor for a gaseous fluid flowing through a 
square-edged orifice. 
B=ratio of orifice to pipe diameter. 
Ap(Ib /in.?)= differential pressure. 
u(lb(mass)/ft-sec) = viscosity of the gas; it is assumed to be 0.000 0069.4 
Subscript 1, in connection with the orifice data, refers to the 
conditions at the upstream pressure tap. 
The discharge coefficient of the orifice may be defined by the 


equation 
K= w/w, (12) 


in which w is taken from the reference-meter computations as given 
in table 3. The theoretical mass rate of flow is computed from the 
equation 


w,=0.5249D*/ App. (13) 


Equation 7 is used for computing p,, values of p’ being used in place 
of p». The Reynolds number, column 11, Table 4, was computed by 


_ 48h 
Dy 


TABLE 4.—Orifice meter data and calculated coefficients 


Ra (14) 


(Orifice diam.=6.000 in.; diam. ratio, 8=0.5889] 





3 4 5 6 7 s 10 
1 





Gas 
temp. 


Theoretical rates 


Flange taps 


Pipe taps 


of 


fiow 


Discharge coefli- 
cients 





Static 
pressure 


Differ- 
ential 
pressure 


Static 
pressure 


Pi 


Differ- 
ential 
pressure 


Flange 
taps 


Pipe 
taps 


Flange 
taps 


K 


Pipe 
taps 


Reynolds 
no. 


RaX10°3 














222. 74 


219. 56 
217. 53 
220. 41 
221. 54 


218. 37 
217. 14 


218. 61 
216. 96 
215. 21 
215. 28 
216. 58 








lb./in.? 
220. 90 


220. 94 
222. 29 
222. 73 


219. 55 
217. 52 
220. 40 
221. 53 





: 1180 





17. 2165 
17. 1912 


22. 2350 
22. 2105 
22. 1194 
22. 1022 
22. 1683 





13. 7067 
13. 6882 


17. 7099 
17. 6899 
17. 6162 
17. 6050 


17. 6572 





6412 
6427 
"6433 


- 6418 
- 6413 


- 6392 
- 6394 
- 6414 
. 6407 
- 6402 





. 8041 











‘See Viscosity of Natural Gas. U. 8. Bur. Mines. Tech. Pap. 555; also Appendix A, Report 2, Gas 
Messurement Committee, Natural Gas Dept., Am. Gas Assn. 
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The values of K given in columns 9 and 10, table 4, correspond to 
the particular conditions at the orifice under which the tests were 
made. In order to compare these values of K on a more nearly com- 
mon basis, it was necessary to correct for the effects of expansion and 
viscosity (Reynolds number). This has been done, and the resulting 
values are presented in table 5. The expansion factors for the two 
pairs of pressure taps used were computed by the equations® 


For flange taps Y;=1—(0.41+0.35 p*)z (15) 
For pipe taps ¥;=1—[0.333+1.145(6°+0.76°+126")}— (16) 


and are given in columns 2 and 3 of table 5. To compute the values 
of K which might have been obtained had there been no expansion of 
the gas, the observed values of K are multiplied by 1/Y,, and these 
values are given in columns 4 and 5 of table 5. 


TABLE 5.—Results of the orifice tests compared 





4 5 6 | 7 8 9 





7 . ° , Coefficients 
Expansion Coefficients for | Adjustment to K adjusted to Departures 


factor no expansion for Ra=@ Yi:=1land Rg=@ 





Flange} Pipe Flange | Pipe Flange Pipe 

taps taps | Flange taps taps taps taps 
taps 
Yi j Ko Ko |0.6427—Ko|0.8070—Ky 





O04). 6455 | .§ ° . . . 8093 ° 
9694 . 6457 | . ; ° - 8096 - 00: —, 0026 
9004] . -6446 | . . . . . 8073 . —. 0003 


° -6420 | . ‘ . ‘ - 8064 " +. 0006 
9094) . 5 . ‘ : . . 8052 -0016 | +. 0018 

9994) . - 6431 | .8 . . . . 8078 ‘ —. 0008 
-6433 | . ° ° . . 8086 ‘ —. 0016 


0.9994 | 0. 0. 6447 | 0. ’ \ 0. 8073 ‘ —0. 0003 
. -6 509% —. 0023 


. 6429 ° . —. 0002 
- 8065 - 0006 | +. 0005 
. 8047 . +. 0023 
. 8052 . +. 0018 
—. 0005 
+. 0004 
+. 0007 























é +. 0011 
+ 0.16% | + 0.14% 























On the basis of a series of tests made at Ohio State University for 

a joint committee of the American Gas Association and the American 
Society of Mechanical Engineers,’ it has been found that the dis- 
charge coefficients of orifices continue to decrease ~ ie even after 
rather high Reynolds number values are reached. By plotting 
values of K against 10°/R, it was possible to obtain an expression for 
os od olay eg of these equations see National Bureau of Standards mee igh hg RP336 and 
4 port 2, Gas Measurement Committee, Natural Gas Dept., pom a] Hy oO Beitler, The 


See Report of Joint AGA-ASME Committee on Orifice Coefficients; 
flow of water through orifices, Ohio State Univ. Studies, Eng. series IV, no. 3 (May 1935). 
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the value which K approaches as a limit, for any value of 6, as R, 
increases without limit. By using these relations, as derived from 
the Ohio State University tests, the adjustments to refer the values 
of K to the limiting condition were computed, as given in columns 
6 and 7 of table 5. The values of K thus adjusted for expansion and 
viscosity effects and designated Ky are given in columns 8 and 9. 
In columns 10 and 11 are given the differences between the individual 
values of Ky and the average value for’each pair of pressure taps. 


VII. DISCUSSION OF TEST RESULTS AND POSSIBLE 
SOURCES OF ERROR 


1. DISCUSSION OF TEST RESULTS 


It should be noted that the variations of the individual values of 
the coefficients from the average, columns 8 and 9 of table 5, were 
obtained in the operation of the whole system and not of either one 
of the two meters individually. 

During the first eight tests the rate of flow of the gas through the 
reference meter and orifice was practically constant, while the pro- 
portioning ratio was changed from 14.2:1 to 42.6:1, and the gas 
temperature rise changed from 5.5 to 14.7° F. Even with these 
changes in operating conditions, the variations in the orifice coefli- 
cients for these tests were only slightly higher than the average for 
the entire group of 15. Slightly greater variations were to be expected 
because at the lower rate of flow the orifice measurements are less 
reliable. 

There appears to be no relation between the variations of the results 
and the changes in the operating conditions of the reference meter. 

In studying the results of such tests it is often instructive to make 
an estimate of the uncertainties in the individual quantities observed. 
Estimates of this kind have been made for the reference- and orifice- 
meter system, which indicated that the departure of a test from the 
average might amount to 0.25 percent, which is about the maximum 
shown in table 5. Without giving these estimates in detail, we may 
state that with the exception of the specific gravity of the gas, the 
estimated uncertainty did not exceed 0.05 percent in any item. 
With the specific gravity, the best that could be expected was +0.2 
percent, and it is doubtful whether even this accuracy was attained, 
although a high-grade instrument was used for its determination. 
One reason for this uncertainty in the gravity is that it was impossible 
to make more than three determinations during a test. Another and 
more important reason is that there were actual changes in the gravity 
of the gas during the duration of a test amounting in some cases to 
about 1 percent. That these were genuine changes, and not errors 
of determination, is confirmed by the fact that the routine operators 
of the Joliet Measurement Station obtained similar changes during 
approximately the same intervals, and have frequently observed 
such changes at other times. Since these tests were made, there has 
been constructed at the Joliet Measurement Station, a specific 
gravity apparatus with which it is believed that readings may be 
made at 10-minute intervals to better than 1 part in 500. 


78957—36——_4 
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2. HEAT LOSSES 


To aid in designing the meter a test was made to determine the 
thermal conductivity of the aluminum-foil insulation with different 
widths of spacing between the layers of foil. It was found that there 
was no advantage in having the layers of foil closer than % in. With 
this spacing and for the estimated temperature differences and gas 
pressures to be encountered, the conductivity of this type of insula- 
tion was found to be 0.31 Btu per hour per square foot per inch 
thickness per degree Fahrenheit difference in temperature. 

For the purpose of calculating the possible heat losses two rates of 
flow are used. The low rate is taken as 1/50th of the listed capacity, 
At a line pressure of 200 lb/in? this will be 2,400 ft*/hr, or 32,660 
ft?/hr when the pressure is reduced to 1 atmosphere. For the high 
rate the full listed rate of flow will be used. 

As a basis for estimating the heat loss from the gas streams to the 
outside, or from one gas stream to the other, it will be assumed 
either that no attempt had been made, when constructing the meter, 
to localize the temperature change in the 16-in. shell to the band of 
the two encircling tubes (section X—X, figure 8), or that the upstream 
encircling tube is clogged. It may then be assumed that at least 
half of the temperature change along the 16-in. tube takes place 
gradually over the part surrounding the heat exchangers—a band 
about 11 in. wide. If the temperature of the gas rises 10°F, this 
will mean that at least a 5° F rise in the shell temperature is spread 
over this 1l-in. band. To simplify the calculations, this band is 
divided into 1-in. bands and the heat loss from each calculated. 
In this way it is found that the heat loss to the outside may amount 
to about 0.009 percent of the total heat input to the meter. 

We next consider the heat loss from the water streams entering 
and leaving the heat exchangers. This loss is due to the fact that 
the temperature of the incoming water is very much higher than the 
temperature of the warmed gas, and that of the outlet water is 
several degrees higher. From figure 8 it will be seen that the large 
gas stream will receive some heat from those portions of the inlet 
and outlet water tubes that extend across the large gas stream 
passage. Even here, the heat which the large gas stream receives 
from that portion of the total water flow supplied to the large heat 
exchanger is not “lost” heat. But such a transfer of heat will lower 
the heat content of the small water streams in tubes P and O,, and 
this will be a heat loss. The amount of this loss will be proportional 
to the amount of water flowing in the two streams. In addition, 
there may be a small loss of heat from the inner ends of tubes P 
and O, to the large gas stream. Asa basis for calculating the possible 
effect of these losses, it is again assumed the meter is operating at 
1/50th its listed capacity and that the difference between the inlet 
water and outlet gas temperatures is 17.5° F, while that between the 
outlet water and outlet gas is 13.5° F. For these conditions the 
possible loss may amount to 0.034 percent of the heat transferred 
from the small water stream. This would affect the proportioning 
ratio by the same percentage. 

Finally, the possibility of heat transfer between the large and small 
gas streams through the insulation between the 3- and 6-in. tubes 
remains to be considered. For such a flow of heat to take place 
there must be a temperature difference between the two streams. 
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In normal operation the pressures as well as the temperatures at 
section 4-4, figure 2, are balanced, but upstream of the pressure 
balancing valve F, the pressures of the two streams will not be the 
same at very low or very high rates of flow. Therefore, for these 
conditions, the temperatures of the two gas streams, upstream of 
valve F, will differ by the amount of the Joule-Thompson effect 
corresponding to the pressure difference. From the data of run 10 
it is estimated that at 1/50th capacity and a 5:1 ratio the pressure 
difference might amount to 0.18 in. of Hg. The corresponding 
temperature difference would be about 0.0054° F. Taking 7 ft? as 
the area of the insulating partition between the two gas streams 
(which is probably high), the heat transferred between the gas streams 
might amount to 0.0004 percent of the heat input to the small gas 
stream. 

Similar calculations have been made for a high rate of flow such as 
120,000 ft?/hr at a line pressure of 200 lb and using a 60:1 propor- 
ae ratio. The results of these calculations are shown in column 3 
of table 6. 


TABLE 6.—-Calculated possible effects of heat losses 





1 2 3 





Effect of— 





Location‘offheatfloss Low rate | High rate 


of flow of flow 





Through outer insulating jacket 
From inlet and outlet water tubes 
Between the two gas streams 











If it is assumed that the effects of all of these heat losses are in the 
same direction, and additive, the total effects for the two rates of 
flow will be about 0.044 and 0.005 percent, respectively. As pointed 
out above, these heat-loss effects would appear as errors in the pro- 
portioning ratio. 

It appears from this analysis, that if it is desired to limit the pos- 
sible errors due to heat losses to +0.05 percent, the reference meter 
should not be operated as a proportional meter at rates below about 
32,000 ft*/hr, referred to a pressure of 1 atmosphere. By reference to 
table 1 it will be seen that placing such a limitation upon the operation 
of the meter will result in a gap between the maximum capacity of 
the piston meter alone and this arbitrary minimum value for the en- 
tire meter. This gap will vary in magnitude from about 30,000 
ft'/hr at a line pressure of 14.7 Ibfin2 to about 5,000 ft®/hr at a line 
pressure of 200 lb/in.? and will vanish when the line pressure is above 
about 240 lb/in.2 At the present time a line pressure of 300 lb/in.? 
is always available at the Joliet Measurement Station, so that by 
proper adjustment of line valves it is possible to operate the meter 
over the entire range from 400 to 2,000,000 ft?/hr, referred to a pres- 
sure of 1 atmosphere. 
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3. CONCLUSION 


The results of the 15 tests and the above discussion suggest that 
the probable uncertainties of indication of the reference meter may 
be numerically less than those of almost any other meter of comparable 
capacity and range of operating conditions. Further experience with 
the meter may quite possibly suggest refinements in operation that 
will lead to a higher precision of metering than is shown by the few 
tests reported here. It is hoped, therefore, that in time the meter 
will prove to be of considerable value to the gas industry as a reference 
meter of medium and large capacity. 


VIII. APPENDIX A—PISTON GAGES FOR MEASURING PRESSURES 
1. PISTON GAGES USED FOR MEASURING DIFFERENTIAL PRESSURES 


General views of one of the two piston gages used for measuring the differential 
pressures across the orifice are shown in figure 13. An equal-arm balance is used 
for measuring the force produced by the differential pressure upon the piston. 
Upon one pan of the balance are placed the calibrated weights. Suspended from 
the other pan is a sling from which, in turn, is suspended the piston across which 
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Figure 13.—Elevation views of the piston differential pressure gage. 
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the differential pressure is applied. The sling also carries a small motor and re- 
duction gear for rotating the piston. 

Figure 14 shows a section through the pressure chambers in which the piston 
and its cylinder are mounted. The chamber is firmly attached to the stand on 
which the balance is mounted. It is formed by a short steel cylinder 6, clamped 
between two carefully faced heavy flanges. This pressure chamber is capable 
of withstanding static pressures up to 600 Ib/in?. 
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Fiaure 14.—Section through pressure chamber of differential pressure gage. 


1, High-pressure connection. 5. Piston drive shaft. 
2. Low-pressure connection. 6. Pressure vessel. 

3. Rotating piston. 7. Lubricating oil. 

4, Cylinder. 8. Oil reservoir. 


Inner measuring cylinder 4 is attached to the upper flange, the two surfaces 
being ground to provide a gas-tight joint. This measuring cylinder is shorter 
than the outer cylinder, so that the annular space between the two cylinders is 
open to the downstream or low pressure, which is applied to the under side of the 
piston through the connection 2. The upstream or high pressure is communi- 
cated to the space above the piston through connection 1. 

Piston 3 and the cylinder are carefully turned and ground to a very close fit. 
The results of measurements of the diameters of a cylinder and piston, as made 
with Johannsen gage blocks and indicator, are given in table 7. The piston and 
cylinder are made of case-hardened steel forgings. : 

5, by which the piston is suspended and rotated, is about 0.067 in. in diam- 
eter. It enters the pressure chamber through a lubricated sleeve or gland. Oil 
1s supplied to this sleeve from reservoir 8. As shown by figure 14, the pressure 
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above the piston is also applied to the surface of the oil in the reservoir. The 
pressure of the oil supplied to the sleeve exceeds that of the gas by the amount the 
surface of the oil in the reservoir is above the top of the sleeve. This slight excess 
of pressure is sufficient to cause a slight seepage of oil down the rod and effectively 
prevent any leakage of gas. 


TaBLE 7.—Diameters of cylinder and piston used in one of the differential gages 
PISTON 





Distance from base (inches) 





Diameter symbol 
34 1% 





4, 25041 4. 25041 
4. 25041 4, 25042 
4, 25041 4. 25041 
4. 25041 4, 25042 


4. 25041 4. 25042 


























Total average.-........- 4.25041 
CYLINDER 





Distance from base (inches) 





1% 





4. 25098 4. 25097 
4. 25099 4. 25097 
4. 25099 4, 25098 
4. 25098 4. 25098 


4. 25099 4. 25098 


























Total average.........- 4.25099 


A plug in the top of the oil reservoir may be removed when there is no pressure 
on the gage, for filling the reservoir. This plug is almost directly above the 
pressure tube from the cylinder, so that a light mineral seal oil may be introduced 
directly to the top of the piston also. A layer of oil about % in. deep is main- 
tained on top of the piston to provide lubrication and to prevent gas leakage past 
the piston. 

When in operation the piston is rotated at about 15 rpm. 

When a differential pressure is applied across the piston the higher pressure 
above the piston tends to move the piston down. This downward movement of 
the piston is transmitted by the supporting wire and sling to the balance, deflect- 
ing the pointer from its zero position. The magnitude of the weights required to 
restore the balance to zero position measures the force produced by the differential 
pressure upon the piston. Knowing this force and the mean area of the piston 
and cylinder, the differential pressure is readily computed. It was found that 
these differential-pressure gages responded to changes of differential pressures of 
as low as 1/500 in. of water. 

It is necessary to take zero readings of these differential-pressure balances at 
the start and finish of a test, because these readings are influenced by changes m 
the static pressure and seepage of oil past the piston. In calculating the differ 
ential pressures observed during a test the zero reading used is obtained by 
correcting both observed zero readings to the average static pressure encountered 
during the test and then taking the mean of these corrected readings. At no time 
while making the tests reported in this paper did the difference between the first 
and second zero reading exceed 0.01 lb, which is equivalent to a differential 
pressure of about 0.02 in. of water. 

These differential pressure balances as at present constructed can measure 
differential pressures up to about 50 in. of water. This range may, of course, be 
varied by changing the capacity of the balance, or, preferably, by changing the 
size of the piston and cylinder, parts 3 and 4. 
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When connecting pressure openings 1 and 2 to the two sides of an orifice flange, 
the usual 3-valve by-pass between the high and low pressure leads is, of course, 
included. 

2. PISTON GAGES FOR MEASURING STATIC PRESSURE 


For measuring static pressures a suitable piston gage was cbtained by slightly 
modifying a high-grade dead-weight gage tester. The modifications included a 
restriction to the stroke of the piston so that it could not accidently be forced out 
of the cylinder during a test, and the installation of a large oil reservoir. The 
gas pressure is applied directly to the surface of the oil in the reservoir. The oil 
reservoir is of such size that the movements of the piston, and the leakage of oil 
past it during a 2-hour test, do not change the height of the oil surface by more 
¢han 0.1 in. 

The piston had a diameter of about 0.5 in., but the mean effective diameter of 
the piston and cylinder was determined by experiment. The diameter of the 
piston was carefully measured, and the clearance between the piston and cylinder 
was determined by recording, with a chronograph, the rotational retardation of 
the piston when loaded with weights having known moments of inertia. The 
clearance could then be calculated from the known viscosity of the oil.’ 

The correction due to the difference in elevations of the bottom of the piston 
and the surface of the oil in the reservoir, minus the buoyancy of the piston in the 
oil, was included in the weight of the piston and table, giving the lowest pressure 
reading. The weights used were made specially to correspond to the mean effective 
area of the piston and cylinder, so that the reading of any pressure within the 
range of the gage would be correct within +0.005 lb. While weights were pro- 
vided with which pressures could be read to 0.01 lb/in.?, measurements to 0.1 
lb/in.2 were usually sufficient for the purposes of the test. 


IX. APPENDIX B—DISCHARGE COEFFICIENTS OF ORIFICES 
DETERMINED ON THE BASIS OF THE REFERENCE METER 
TESTS, COMPARED WITH VALUES CALCULATED FROM EQUA- 
TIONS IN REPORT 2 OF THE GAS MEASUREMENT COMMITTEE, 
NATURAL GAS DEPARTMENT, AMERICAN GAS ASSOCIATION 


The orifice meter used in the tests reported in this paper could be operated in 
series with any one of six similar orifice meters used in the regular operation of the 
Joliet Measurement Station. These six orifice meters and the seventh, or compari- 
son meter, are as nearly alike in size and details of construction as it was com- 
mercially possible to make them. 

Each of these six operating meters has been carefully compared with the seventh 
or comparison meter. On the basis of this intercomparison, the discharge coeffi- 
cient of an orifice used successively in each of the six operating meter lines, has 
been determined from the coefficients of the comparison run orifice * based on the 
tests reported in this paper. Following these intercomparisons a 5-in. orifice was 
used successively in each of the six operating meters, and coefficients for it were 
determined. The coefficients determined by these comparisons are given in 
columns 5 and 7 of table 8. 

Coefficients for these orifice plates in these meter runs may be computed by 
the equations given in report 2 of the Gas Measurement Committee, Natural 
Gas Department, American Gas Association. The values so computed are given 
in columns 6 and 8 of table 8. 

In connection with such a comparison it may be noted that the equations in 
report 2 were based on weighed water tests, with the factors for expansion effects 

on many tests with different gases. Moreover, for the sizes reported here, 
the report places a tolerance of + 0.5 percent on the values of the coefficients 
computed from the equations. In other words, the computed coefficient for a 
given orifice might differ by this amount from the value obtained by a test. 
It will be seen that the differences between the computed coefficients and those 
determined by the intercomparison are well within this tolerance. 

In preparing table 8 an adjustment was made to the values determined by 
Comparison, for the effects of expansion, so that the coefficient values in all four 
columns represent those for an incompressible fluid. 


'C. H. Meyers and R. S. Jessup. A multiple manometer and piston gages for precision measurements. 
BSJ. Research 6, 1061 (1931) RP 324. * wid 
The orifice plate used in the comparison meter in these intercomparison tests was not the identical orifice 
b~ in the 15 tests with the reference meter, but the only known difference between the two was that of 
0012 in diameter, which has been allowed for. 
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TABLE 8.—Coefficients for the Joliet Measurement Station meters determined from 
the reference meter by a method of intercomparison and also by calculation 
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SOLUBLE DECOMPOSITION PRODUCTS IN AGED 
VEGETABLE-TANNED LEATHERS 


By Joseph R. Kanagy 


ABSTRACT 


Vegetable-tanned leathers, containing 0, 1, 2, 3, and 4 percent of sulphuric acid 
and aged for 2 to 10 years were examined for soluble nitrogen compounds. The 
soluble decomposition products were extracted with water and with 0.1 N sodium 
carbonate. Ammonia, amino nitrogen, and nitrogen precipitated with phospho- 
tungstic acid were determined in the extracts. 

A comparison is made between the results obtained from acid-treated leathers 
which had been aged, and those obtained from the direct hydrolysis of leather 
and hide substance in acid solutions. 

The data indicate that most of the physical deterioration results from hydrolytic 
reactions. 
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I. INTRODUCTION 


For the past few years a study of the effect of acids on leather [1]! 
has been carried on at the National Bureau of Standards. Leathers 
of different tannages, containing various leather-making materials and 
varying amounts of acid were aged under different conditions. It was 
shown that the governing factor of deterioration was the pH, as 
determined by making a water extract of the leather. Leathers fin- 
ished and aged below pH 3 were almost certain to show a loss in tensile 
strength, while those finished above pH 3 and aged showed practically 
no deterioration in 2 years. It was also found that the deterioration 
of leather produced soluble nitrogen compounds. 

It has been known for a long time that soluble nitrogen compounds 
can be extracted from deteriorated leathers. This has been especially 
noticeable in the case of old bookbinding leathers which have absorbed 


LK 
' Numbers in brackets refer to references at the end of this paper. 
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large amounts of sulphur dioxide from the atmosphere. Veitch, Frey, 
and Leinback [2] studied a large number of bookbinding leathers and 
found that approximately one-third of the total nitrogen was extract- 
able with water. Fifty percent of this nitrogen was in the form of 
ammonia. Innes [3, 4, 5] used the amount of soluble nitrogen as 
criterion in making an extensive study of the various factors influ. 
encing deterioration. He analyzed the total soluble nitrogen for 
ammonia and amino nitrogen. Frey and Beebe [6] determined soluble 
nitrogen and ammonia in leathers exposed to sulphur dioxide in a gas 
chamber. They used as the figure for total nitrogen extracted the 
sum of that extracted with water and then with 0.1 N sodium 
carbonate. 

In this investigation a more detailed study has been made of the 
soluble nitrogen compounds in aged vegetable tanned leathers with 
the purpose of obtaining some fundamental information for an 
accelerated aging test, and also, to study the cause of deterioration, 
The work reported in this paper deals only with the chemical changes 
produced in collagen. 


II. MATERIALS AND METHODS 


The leathers used were from the same lots and had undergone the 
same treatments as those which were used in the study of the effect 
of acids on the tensile strength of leather. The initial pH values of 
these leathers ranged from 1.7 to 5.0. After tensile-strength measure- 
ments were made the leathers were stored. The storage period 
varied from 2 to 10 years. Each sample of leather, containing approx- 


imately 0, 1, 2, 3, or 4 percent of acid, was ground and mixed to form 
a uniform sample. 


1. WATER EXTRACTIONS 


A 10-g sample of leather was extracted with 200 ml of water at 
25° C by shaking in a bottle for 3 hours. The mixture was filtered 
and the total nitrogen extracted was determined by the kjeldahl 
method on an aliquot of the clear filtrate. The amounts of ammonia, 
amino nitrogen, and nitrogen precipitated by phosphotungstic acid 
were then determined in other aliquots of the clear filtrate. 

The ammonia was determined as follows: 50 ml of the clear filtrate 
was placed in a kjeldahl flask and diluted to 200 ml. 25 ml ofa 
2-percent suspension of magnesium oxide was added and the ammonia 
distilled over into standard acid as in a kjeldahl distillation. 

The amino nitrogen was determined on the residue remaining in the 
kjeldahl flask after the removal of the ammonia. The residue was 
made acid to litmus with acetic acid. It was diluted to 200 ml ima 
volumetric flask and the amino nitrogen determined on an aliquot 
of this solution by the Van Slyke method [7], which is based on the 
measurement of the volume of nitrogen evolved by the action of 
nitrous acid on primary amino groups. 

Ten ml of a 5-percent solution of phosphotungstic acid in 2.5-percent 
solution of hydrochloric acid was added to a third aliquot of the water 
extract. After standing for 2 hours the mixture was filtered and the 
total nitrogen determined in the precipitate by the kjeldahl method. 
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2. SODIUM CARBONATE EXTRACTIONS 


Frey and Beebe [6] pointed out that tannins form insoluble sub- 
stances with gelatin and other partially hydrolyzed proteins, and 
therefore a complete extraction of the soluble nitrogen compounds 
in leather cannot be made with water. It is necessary to use a solvent 
which will dissolve the tannin as well as the protein. Since tannins 
and proteins are both soluble in alkaline solutions, a few preliminary 
experiments were made by the adopted procedure using 0.2 N sodium 
bicarbonate, 0.3 N disodium phosphate, 0.1 N sodium carbonate, 
and 0.1 N sodium hydroxide as solvents. The most nitrogen was 
extracted from the leather with the 0.1 N sodium hydroxide solutions, 
but subsequent experiments in which standard hide powder instead 
of leather was extracted, showed that it caused a breakdown in the 
protein molecule. The results are given in tables 1 and 2, and indi- 
cate that 0.1 N sodium carbonate solution is the most suitable solvent 
for this work because it extracts practically no more nitrogen from 
hide substance than does water. 


TaBLe 1.—Nitrogen extracted from quebracho leather (lot 1) containing 4 percent 
of acid 





Nitrogen 


Solvent extracted 





mg 
0. 1 





2.4 
12.1 

60. 8 
103. 2 











TABLE 2.—Nitrogen extracted from standard hide powder 





Nitrogen 


Solvent extracted 





Water - 
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.2N 
3N 
by # 
cha 














With 0.1 N sodium carbonate as the solvent, the same procedure 
was adopted in making the extraction as that which was used with 
water, except that 2 g of leather instead of 10 g was used. 

The amount of nifrogen present as ammonia was determined. 
This was compared with that in the water extract so as to make a 
correction in the total amount of extracted nitrogen for that lost as 
ammonia by the alkaline carbonate treatment. An aliquot of the 
extracted solution was neutralized with hydrochloric acid and the 
amount of nitrogen precipitated by the excess tannins was determined. 
Phosphotungstic acid was then added to the filtrate from the tannin 
precipitate in order to remove all the incompletely hydrolyzed 
protems. The sum of these two figures was recorded as the total 
nitrogen precipitated. 
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III. EXPERIMENTAL 


To determine the effect of tannins on the hydrolysis and on the 
determination of soluble nitrogen compounds as outlined above, 
l-g samples of hide substance and samples of chestnut- and que- 
bracho-tanned hide substance, equivalent to 1 g of hide substance, 
were hydrolyzed at 60° C in 0.05 N solutions of sulphuric acid. At 
various intervals the solutions were tested for total nitrogen, amino 
nitrogen, ammonia, and nitrogen precipitated by phosphotungstic 
acid. The results given in figure 1 and table 3 show that the per- 
centage of total nitrogen in solution as ammonia and amino nitrogen 
is nearly the same in each of the three cases for each interval, even 
though the amount of total nitrogen in solution is less for the tanned 
hide substances. This indicates that the tannins do not prevent 
the hydrolysis of the protein but retard the rate at which it goes into 
solution. Experiments have shown that tannins present in protein 
solutions cause high values for amino nitrogen. The error increases 
as the amount of tannin isincreased. The amount of tannin present 
in the above experiments was not enough to cause an appreciable error. 


TABLE 3.—Soluble nitrogen compounds from hide substance and tanned hide sub- 
stance hydrolyzed in 0.05 N sulfuric acid at 60° C for different periods of time 


{Results are given in percentage of total nitrogen in solution) 





Total Phospho- 


Material pH nitrogen in oo 
solution | 2¢!¢ pre- 
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Ammonia} ,*; 
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Chestnut . 59 
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Hide substance . 59 
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Hide substance .79 
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Hide substance . 84 
Quebracho . 84 
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As a control experiment to determine the effect of pH on the for- 
mation of soluble nitrogen compounds, 2-g samples of standard hide 
substance were placed in sulphuric acid solutions of various concen- 
trations ranging from 1.0 to 0.005 N and heated in an oven at 60° 
for 4 weeks. At the end of this time the soluble nitrogen compoun 
in the solutions were determined using the methods described above. 
The results shown in figure 2 and table 4 indicate that at first the 
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Ficure 1.—Rate of change of the total soluble nitrogen as amino nitrogen and as 


nitrogen precipitated by phosphotungstic acid for hide substance and tanned hide 
substances hydrolyzed 1n 0.05 N sulphuric acid. 
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Figure 2.—Change with pH of the amino nitrogen and the nitrogen precipitated 
with phosphotungstic acid for hide substance hydrolyzed in sulphuric acid solutions. 
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amino nitrogen increases to approximately the same extent as the 
nitrogen precipitated by phosphotungstic acid decreases. This is 


TABLE 4.—Soluble nitrogen compounds from hide substance hydrolyzed in sulphuric 
acid solutions at 60° C for 4 weeks 





Total nitrogen in solution as— 
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also indicated in figure 1. The sum of the amino nitrogen and nitro- 
gen precipitated by phosphotungstic acid as shown in figures 1 and 2, 
slightly exceeds 100 percent because a part of the nitrogen precipitated 


is free amino nitrogen. 
1. EXTRACTIONS 


A comparison of the soluble nitrogen compounds extracted by water 
and 0.1 N sodium carbonate is given in table 5. The reason for the 


TaBLE 5.—Comparison of soluble nitrogen compounds extracted from leather (lot 1 
Quebracho) by water and 0.1 N sodium carbonate 


[Results are given in percentage of total nitrogen in the original leather] 
EXTRACTING WITH WATER 





Total 
nitrogen 
extracted 


Nitrogen 
precipitated 


Ammonia Amino 
nitrogen nitrogen 











DIUM CARBONATE 























differences in the soluble nitrogen extracted is obvious on an examina 
tion of table 6. Water extracts chiefly ammonia and amino acids. 
On the other hand the sodium carbonate extracts more tannin and 8 
larger amount of soluble nitrogen because it dissolves the otherwise 
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insoluble tannin-protein compound. In both cases the residual 
leathers contained larger percentages of nitrogen than the original 
samples. The amount of residual leather decreased with increasing 
acid content, but the percentage of nitrogen remained approximately 
constant. 


TaBLE 6.—Ratio of nitrogen to solids in the exiract and in the residue of quebracho 
leather (lot 1) when extracted with water and with 0.1 N sodium carbonate ! 
[Results for 1 g of leather] 
EXTRACTING WITH WATER 





Acid Tannins | No-tan- | otal solids Nitrogen Nitrogen | Nitrogen 


nins ex- : : in residual | in original 
(approx.) | extracted tracted 2 extracted in solids leather leather 





e 
0.017 
. 024 
. 028 
- 038 
. 043 











EXTRACTING WITH SODIUM CARBONATE 





30. 396 0. 41 14 
. 402 . 80 1 
. 392 1.76 1 
- 446 3. 72 1 
. 584 5.31 13 























2 
a) 
.9 
.0 
.0 








1 Determination of total solids, tannins, and non-tannins made by ALCA methods. 
1 Non-protein, non-tannins. 
+ These values are corrected for the sodium carbonate present in the solution. 


2. AMMONIA 


Table 4 shows that the amount of ammonia formed in the hydrolysis 
of hide substance in acid solution reaches a maximum of 2.32 percent 
in0,05 N sulphuric acid and does not change appreciably beyond this 
figure in the more concentrated acid solutions. Table 3 shows that 
the tanned hide powders gave approximately the same percentage of 
ammonia. In the leathers aged under natural conditions the per- 
centage of the total nitrogen as ammonia is higher. The oxidation 
in the leathers is probably caused in part by molecular sulphuric 
acid, therefore the percentage of total nitrogen as ammonia, after 
making a correction for the nitrogen as ammonia present in leather 
containing no acid, was plotted against the percentage of acid added. 
Figures 3 and 4 show that the ammonia content increases with acid 
content and time. The smaller amounts of ammonia in those leathers 
aged at high relative humidities are in accord with results obtained 
by Innes. The figures also show that the presence of grease has a 
retarding effect on the formation of ammonia. 


3. AMINO NITROGEN 


The results for amino nitrogen are plotted against the pH rather 
than the percentage of acid, since hydrolysis is catalyzed by hydrogen 
ions. The amount of amino nitrogen formed in the leathers is small. 
The results shown in figure 5 compare well with those obtained by 
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the direct hydrolysis of hide substance by sulphuric acid solutions, 
figure 2. Only small amounts of amino nitrogen are formed above a 
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Figure 3.—Effect of relative humidity and grease on the ammonia content. 


° 





















































5 ai 

ie 
2 i? 
Ww 
oO 
°o 
« 
S a : 
z 
ai . x 
¥ 
“e 
= a 6 
a 2 ra * 90 MONTHS 
’ Ppa © 42 MONTHS 
5 ett oat & 36 MONTHS 
wW 4 
$ « ® 24 MONTHS 
iS 1 LZ gi 

e 
pen et 
& 
5 





° i 2 3 4 
PERCENTAGE OF ACID ADDED 


Figure 4.—Effect of time and acid yore t90 on the ammonia content of quebracho 
ather. 


pH of 2, while below this pH the amount of amino nitrogen formed 
increased rapidly with decreasing pH. Figures 1 and 5 show that 
the formation of amino nitrogen is also a function of time. 
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Ficure 5.—Effect of time and pH on the amino-nitrogen content. 
4. NITROGEN PRECIPITATED BY TANNINS AND BY 


PHOSPHOTUNGSTIC ACID 


An examination of table 7 shows that over 90 percent of the total 
nitrogen extracted from the leather by a 0.1 N sodium carbonate 


TaBLE 7.—Nitrogen compounds soluble in 0.1 N solution of sodium carbonate and 
precipitated by tannins and by phosphotungstic acid 





























Foe 
Total nitrogen 
Acia Total Total nitrogen por png 
Lot! (approx.) pH nitrogen nitrogen | extracted cipit aed 
PPros. extracted |precipitated| and pre- yc 
cipitated 8 
for am- 
monia 
% mg mg % % 
UE EM Ps ot Mie BA 4 1.94 60.8 53.2 87.5 96. 4 
| SERGE Ree 4 1.70 149.3 134. 2 90. 0 93. 6 
EER REND Acie 4 1.95 50. 6 39. 1 77.6 90.8 
BN as5..2 Ui eibeucdaboasebcs o 4 1.76 140.7 126.5 89.8 93.3 
| RRR LS ale 3628 4 1. 86 59.3 49. 2 52.8 93. 0 
CREASE oF aeons gt RN 4 1.80 141.0 139. 0 95.2 101.0 
tan pees). 4 = ap 134. 8 90. 4 91.8 
% grease) .__ 4 1. 131. 124.7 94.8 96. 0 
8 (10% grease)............. 4 2. 03 121.6 119.9 98.5 101.5 
| SS SREB E TIE oe 4 2.10 108. 1 105. 2 97.4 100. 0 
| Soa esas 4 1.89 41.3 30.3 73.4 83. 5 
Sie 4 1. 87 106. 1 99. 4 93. 6 95. 4 
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% (0% glucose)................-.- 3] 216 82. 6 77.3 93. 6 95.4 
% (8% glucose).............._.--- 3| 230 48.7 43.9 90. 2 94. 6 





; Unless otherwise stated the leathers were conditioned at 65 percent relative humidity for the first 2 years. 


RH=relative humidity. 
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solution is precipitated by tannins and phosphotungstic acid. A 
correction is made for the ammonia in the leather in order to have a 
better comparison between the leathers almost completely dissolved 
in sodium carbonate and those only partially dissolved. These 
results show that no complete breakdown occurs in the leather. 


IV. DISCUSSION 


The ammonia in the leathers may be formed by either hydrolysis 
or oxidation. The amount of ammonia formed by hydrolysis is, 
however, known to be small even on complete hydrolysis so that most 
of that formed in the leather may be attributed to oxidation. The 
reaction may be represented as follows: 


eo ee 
NH, 
Amino nitrogen is formed by splitting of peptide linkages and can 
therefore be used as a direct measure of hydrolysis. The reaction 


may be represented by the following scheme, the hydrogen ions 
acting as catalysts: 


H+ 
RCHCONHCH,COOH+ H.,O—— RCHCOOH+ NH;CH,COOH. 


| 
NH; NH 


Phosphotungstic acid precipitates the basic amino acids, peptones, 
and other incompletely hydrolyzed proteins. In this work, it may 
be used as a measure of the incompletely hydrolyzed proteins. 

The results indicate that both oxidation and hydrolysis take place 
in the leather. It is, however, not necessarily true that both of these 
factors are the causes of physical deterioration. The formation of 
ammonia and amino nitrogen, which respectively indicate oxidation 
and hydrolysis, is shown to increase with time. The conditions 
under which these leathers were aged made both reactions take 
place slowly. 

In table 8 the ammonia content is compared with the total nitrogen 
extracted and with the loss in tensile strength. The formation of 
ammonia shows no correlation to the loss in tensile strength, and 
hence it is probable that ammonia is not formed by the primary reac- 
tions which cause the physical deterioration of the leather. It is 
known that the guanidine nucleus of arginine which is free in the 
protein molecule is readily oxidized to form ammonia. Ammonia 
may also be formed from free amino nitrogen or amino nitrogen formed 
during hydrolysis. 
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TaBLE 8.—Soluble nitrogen compounds formed in leathers aged for different periods 
of time 
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! Unless otherwise stated the leathers were conditioned at 65 percent relative humidity for the first 2 years. 
1 Determined after 2 years of aging. 3 RH=relative humidity. 


There is, however, a relation between the amino nitrogen and the 
total soluble nitrogen. This is shown in figure 6, where the total 
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Fiaure 6.—Increase in percentage of total nitrogen as amino nitrogen with the 
percentage of total nitrogen dissolved by a 0.1 N sodium carbonate solution. 


soluble nitrogen is plotted against the amino nitrogen. Previous 
work [9] has shown that a relationship exists between the total soluble 
trogen and the tensile strength and therefore there must also be a 
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relation between the tensile strength and the amino nitrogen. Com- 
paring figure 5 with figure 7 shows that the amino nitrogen starts to 
increase, although to a smaller extent, at the same pH as that at 
which the amount of soluble nitrogen increases. This indicates that 
both may result from the same reaction. 
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Fiaure 7.—Effect of pH on the total nitrogen dissolved by a 0.1 N sodium carbonate 
solution. 
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From the small amounts of amino nitrogen formed in leathers 
which show as high as 75 percent loss in tensile strength, it appears 
that a few broken peptide linkages may cause a large decrease in the 
physical strength of the leathers. According to Stiasny [8], the first 
step in the hydrolysis of a protein is probably a hydration resulting 
in the breaking of linkages between polypeptide chains. During the 
course of this reaction nitrogen compounds of high molecular weight 
known as peptones are formed. These compounds are soluble but 
may be precipitated by tannins or phosphotungstic acid. A further 
hydrolysis then causes a splitting of the chains at the peptide linkages 
with the formation of amino nitrogen. If the hydrolysis does not 
proceed further than the first step, appreciable amounts of amino 
nitrogen will not be formed. The curves in figures 5 and 7 are similar 
to those in figure 2, which were obtained by actually hydrolyzing hide 
substance in acid solutions. The amount of nitrogen soluble in 0.1. 
sodium carbonate, precipitated by tannins and phosphotungstic acid, 
table 7, is almost the same as the amount obtained from a direct 
hydrolysis of hide substance and shown in table 4 and figure 2. 
These results indicate that most of the physical deterioration @ 
leather is caused by hydrolysis. 
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V. SUMMARY 


1. The deterioration of leather results in the formation of soluble 
decomposition products containing nitrogen. 

2. An average of over 90 percent of the total nitrogen in the decom- 
position products is precipitated by phosphotungstic acid. 

3. Among the decomposition products are ammonia and com- 
pounds containing amino nitrogen. 

4. The amount of ammonia formed is a function of time and acid 
concentration, while the amount of amino nitrogen formed is a 
function of time and hydrogen ion concentration. 

5. The data indicate that most of the physical deterioration is 
caused by hydrolysis. 
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DISTRIBUTION OF COMPOUNDS IN PORTLAND CEMENT 
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ABSTRACT 


Thirteen cements have been separated into size-fractions by means of air 
elutriation and chemical analyses have been made on all of the fractions and the 
whole cements. The compound compositions were calculated according to the 
method of Bogue and plotted by two different methods so as to show how the 
compounds are distributed with respect to size of particles. Heats of solution 
and hydration were determined for the fractions of five cements which were of 
very similar chemical composition and yet were known to differ considerably in 
certain physical properties. Studies of the observed heats of solution of the frac- 
tions of these cements as compared with the calculated theoretical heats of solu- 
tion indicated discrepancies between the true compositions and the calculated 
compositions. The results of microscopic examination of etched sections of the 
cement clinkers gave further indication of the existence of such discrepancies. 
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I. INTRODUCTION 


Investigations at the National Bureau of Standards and elsewhere 
during the past several years have emphasized the heterogeneous 
nature of portland cement by showing that its chemical constituents 
are distributed unequally among the differently sized particles mak- 
ing up the cement. Recognition of the existence of these inequalities 
is important since they are sufficiently large in many cases to render 
futile any attempts at quantitative explanations of the behavior of the 
cement merely on the basis of the chemical analysis of the whole 
cement. The problem is further complicated by the fact that the 
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true compound compositions may differ considerably from the calcu- 
lated compositions under certain conditions of clinker cooling. 
Data indicating the magnitude of both of these effects are presented 
in this paper. 


II. VARIATION OF CHEMICAL COMPOSITION WITH 
PARTICLE SIZE 


1. DESCRIPTION OF CEMENTS 


Thirteen cements, representing products of six different manu- 
facturers, were studied. Cements 1 to 4 in table 1 were produced at 
four different plants, 5 and 6 at one plant, and 7 to 13 at one plant. 
Cements 1, 2, 3, 4, 7, and 8 are of the low-heat-of-hardening type, 
5, 6, and 9 are of the rather high-heat-of-hardening type, while 10, 
11, 12, and 13 are moderately low-heat-of-hardening cements. Com- 
plete milling information is not available, but it is known that cements 
5 and 6 were ground in Hardinge mills. It is also known that cements 
10 and 11 were obtained from one finishing mill before and after, 
respectively, the addition of new balls, and that samples 12 and 13 
were taken in the same way from a second mill. Cements 7 and 8, 
which are of the same type and brand, differ by about 1 year in date 
of manufacture. 


2. PARTICLE SIZE AND COMPOSITION 


Each of the cements was separated into five size-fractions* by 
means of air elutriation, using in the case of the two fine fractions for 
all cements except numbers 5 and 6, air having about 10-percent rela- 
tive humidity. Chemical analyses were made on the whole cements 
and all of the fractions. The results of these analyses, together with 
the compound compositions as calculated according to the method of 
Bogue,‘ are presented in table 1. The percentages of the whole 
cements composed of material within the size ranges of each of the 
different fractions as determined by the Wagner turbidimeter ° are 
also presented. 


TABLE 1.—Chemical compositions of whole cements and fractions and compound 
compositions calculated on ignition-loss basis 
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Figures 1 to 4 are schematic diagrams which show pictorially the 
calculated compound compositions of the cements. There are also 
shown a series of curves giving the amount of each compound finer 
than any given size, expressed as the percentage of the whole cement, 


100 
29 
: ga 
m ; ad Oe 
27 
60 as 


—e 


ia) 
So 


8 


by weight of whole cement 


40 


™ 
oS 


20 89 





8 


40-55 >355 
16% 7% 


Ss 
Ss 


100 ] 


1.7 


a 
So 


CAF 3.9 Cemenr 2 


60 C38 75 
C35 6.0 


40 


> 
o 


g 


™ 
S 








Cumulative percentage composition 


Ss 
So 


22-40 40-55 755 
IT% 14% 19% 


3 


100 
17 


80 : AF 4.0 \CgAF 3.7 \18 27 


43 


& 
So 


s 
x 
od te CyS 55 135352 


an 
So 


60 
C35 6.2 


g 
ry 
c 
$ 
D 
Cc 
£ 
Gq 
o 
A 
- 
® 
z 
3 
0m 
E 
6 
Q 
= 
° 
a 
: 
a 
3 
= 
Ss 
3 
E 
| 
3) 


& 


40 Cos 
51 9. 
CoS 12.7 \C25 9865] 96 om 


201.5 77 


~ 
=) 


C. 








0-7 7-22 22-40 40-55 >55 20 40 60 80 100 
ee, + 26% 25% ih 16% Diameter in microns 
Fraction and percent of whole 


FiGurRE 1.—Size distribution of calculated compounds in cements 1, 2, and 3. 


The diagrams on the left can be looked upon as the cross sections of the cements with the particles sere 
gated according to size and composition. The curves on the right show the amounts of each compoun 
finer than any given size, expressed as percentages of the whole cement. 


In the schematic diagrams the horizontal spacings are proportional to 
the percentages, as determined in the turbidimeter, of the whole 
cements composed of the several fractions, and the vertical spacings 
are proportional to the percentages of the various compounds col- 





ote te. ne a i ee ‘i. eee? See” > Tink eee a ee 


Fee A ne ME ted a a i? se a a 


| 


a) Compounds in Portland Cement 265 


tained by the fractions. The diagram can accordingly be looked 
upon as a cross section of a cement with the particles segregated 
according to size and composition. Hence, the area of each small 
rectangle is in direct proportion to the amount of the particular com- 
pound represented which lies between the size limits of the particular 
fraction. ‘These amounts, expressed as percentages of the whole 
cements, are printed in each of the rectangles. The graphs on the 
right are the progressive summations of these percentages plotted 
against an actual size horizontal scale running from 0 to 100 microns. 
In preparing these graphs it was assumed that all of the particles were 
finer than 100 microns, although this was not strictly true, so that the 
terminal point of each curve corresponds approximately to the per- 
centage of the particular compound in the whole cement. The 
terminal points of these curves do not always correspond accurately 
with the analyses of the whole cements, since there is always a certain 
discrepancy between the granulometric composition as determined 
by the turbidimeter, and that as determined by air elutriation, because 
of the continual breaking up of the particles in the elutriation stacks. 

Examination of table 1 and the diagrams shows that, in general, 
the different sizes of particles in a cement differ considerably in 
chemical composition. Of the four major constituents, the two 
silicate compounds are the ones which show the greatest variations. 
The tricalcium silicate (C,S) tends to be more concentrated in the 
finer sizes, while the greatest percentages of dicalcium silicate (C.S) 
are found in the coarser sizes. This trend is very pronounced in 
cements 1 to 4, inclusive. Cement 5, with a range of only 2 percent 
in C,S for the different fractions, shows the least variation in this 
respect. However, the amount of C,S increases considerably from 
the fine to the coarse material. Cement 6, although having the great- 
est percentage of C,S in the 7-22 fraction, follows the general rule 
quite closely. Of the cements 7 to 13, inclusive, which were all 
produced by one manufacturer, only cement 9 follows the general 
tule exactly. The cements produced at this plant apparently tend 
to have the greatest percentages of C,S and the least percentages of 
C;S either in the 22-40 or the 40-55 micron fractions rather than in 
the largest sized fraction. However, they still show the same tend- 
ency as the other cements because the percentage of C.S in the >55 
fraction is in all cases considerably higher than that in the 0-7, and 
the greatest percentage of C,S is found in either the 0-7 or the 7--22 
micron fractions in all cements except no. 7, which has the same 
percentage of this compound in the >55 and 0-7 fractions. 

The tetracalcium alumino-ferrite (C,AF) and the tricalcium 
aluminate (C,;A) show less definite trends than the silicate com- 
pounds. The C,AF does show a tendency to be of greatest concentra- 
tion in either the 0-7 or the >55 fraction, and the least percentage is 
found in either the 7-22 or the 22-40 micron fractions. Similar 
regular trends can be observed in the distribution of the C,A. 
po potency is for the least percentage of the C;A to be in the 7-22 
traction. 

The calcium sulfate is in all cases found largely in the two fine 
fractions. The percentage of CaSO, in the 0-7 fraction is usually of 
the order of twice the sum of the percentages of this compound in 
the other four fractions. 
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The finest fraction further differs from the others in that it usually 
has a much greater ignition loss. This is true for all the cements 
except 5 and 6, no. 5 showing a greater ignition loss in the 7-22 
fraction than in the 0-7, and no. 6 having an ignition loss in the 
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Fiaure 2.—Size distribution of calculated compounds in cements 4, 5, and 6. 


The diagrams on the left can be looked upon as the cross sections of the cements with the particles segre- 
gated aecording to size and composition. The curves on the right show the amounts of each compound 
finer than any given size, expressed as percentages of the whole cement. 


7-22 fraction almost as great as that in the 0-7. These two cements 
are exceptions because during their separation the system for dryimg 
the air in the elutriation stacks was not in operation. As a result, 
a considerable amount of hydration occurred during the separation. 
In separating the other cements the relative humidity of the cireu- 
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lating air in the stacks was kept down to about 10 percent, so that 
very little hydration took place. This can be seen by comparing 
the ignition losses in the whole cements with those in the fractions. 
With the exception of cements 5 and 6, therefore, the ignition losses 
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Ficure 3.—Size distribution of calculated compounds in cements 7, 8, and 9. 


The diagrams on the left can be looked upon as the cross sections of the cements with the particles segre- 
ey according to size and composition. The curves on the right show the amounts of each compound 
ner than any given size, expressed as percentages of the whole cement. 


of the various fractions indicate the relative amounts of hydration 
of the various sizes in the whole cements. It is natural that the 

é fraction should contain the most hydrated material since this 
fraction has a much greater surface area than any of the others 
exposed to hydration. 
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The MgO content of the different fractions does not show very 
large variations for the majority of the cements. In five of the 
cements it remains practically constant. Cements 7 to 13 show 
slight variations in MgO with the greatest percentage in all seven 
cements being found in the >55 fraction. 


III. HEATS OF HYDRATION OF SIZE FRACTIONS 
1. GENERAL DETAILS 


A considerable amount of data ® on heat of hydration and strength 
was available for 5 of the 13 cements before the study of their size- 
fractions was undertaken. These data showed that although four 
of the five cements were of very similar chemical composition, they 
had markedly different strengths and heats of hydration. It was 
believed that some of the difficulty found in trying to explain the 
behaviors of the whole cements on the basis of their chemical compo- 
sitions might be the result of the unequal size distributions of the 
chemical constituents, and, hence, that better correlations might be 
obtained if the properties of definite size-fractions were studied. 
The heats of hydration were therefore determined for most of the 
fractions of these same five cements, nos. 1, 2, 3, 4, and 7 in table 1. 

The determinations of heat of hydration were made by the heat 
of solution method, using an isothermal calorimeter’ at the ages of 
3,7, and 28 days. The data obtained are presented in table 2. No 
3-day determinations were made for the two coarser fractions, since 
these fractions showed but very little hydration at this age. The 
heats of hydration of the >55 fraction were not determined for 
cements 1 and 7. The fractions were all hydrated with 45 percent 
of mixing water, by weight of the dry material. The 0-7 fraction 
was also hydrated with 60 percent of mixing water, which produced 
a paste of about the same consistency as that obtained when 45 per- 
cent of water was added to any of the other fractions. With only 
45 percent of water the paste made from the 0—7 fraction was quite 
stiff. The 7-22 fraction of cements 1, 2, 3, and 4 was hydrated as 
obtained in the separation, and also after a sufficient quantity of 
gypsum had been added to make the SO; content the same as that 
of the 0-7 fraction of the same cement. The storage temperature 
for the hydration of the fractions was maintained at 70+3° F. 
The heats of hydration of the whole cements, when hydrated with 
40 percent of water and stored at 70° F for the first 24 hours and 
100° F for the remainder of the hydration period, for the ages 7 
and 28 days, were available and are included in the table. 


‘Unpublished data obtained at this Bureau. 
"Similar to the one used in testing the Boulder Dam cements and described in Bureau of Reclamation 


Specification 568. 
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TaBLE 2.—Heats of hydration at 70° F. of size-fractions obtained from five cemenis 
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* Hydrated at 70° F. for first 24 hours and 100° F. for remainder of period. 


The heats available upon complete hydration of the fractions 
and also of the cements have been calculated from the compound 
compositions according to the method of Lerch and Bogue *, using 
the values given by them for the heat liberated upon complete 
hydration of the individual compounds. The calculated heats of 
complete hydration and the experimentally determined heats of 
hydration, expressed as percentages of the total heat available, are 
included in table 2. 


2. DISCUSSION OF RESULTS 


The heat of hydration data for the fractions show that the amounts 
of heat liberated decrease regularly at all of the ages as the gram 
sizes of the fractions increase. This would be expected since the 
smaller surface areas present less opportunity for hydration. The 


* BSJ. Research 12, 645(1934) RP684. 
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same trends were shown by the heats of hydration of the fractions 
studied by Lerch and Bogue.® The most striking feature about the 
data obtained in this study is the large unexplained decrease in the 
heat of hydration of the 7-22 fraction brought about by the addition 
of gypsum. The magnitude of this decrease at 7 and 28 days is 
considerably in excess of that which should have resulted if the same 
amount of some inert material had been added. Since the heat 
liberated upon the formation of the additional sulfo-aluminates in 
the material containing the added gypsum should very nearly have 
compensated for that of the cement displaced by the gypsum, only 
very small changes in the heat liberated might have been expected. 
This is shown by the near equality of the calculated heats available 
upon complete hydration for each of the cements with and without 
the gypsum. 

An attempt to correlate some of the heats of hydration of the 
individual fractions with the compound compositions did not prove 
any more successful than the previous attempts at correlation of the 

roperties of the whole cements with the compositions of the cements. 
eral equations were derived by the method of least squares giving 
the heats of hydration of one size-fraction for one age as linear func- 
tions of the four major compounds. However, none of these equa- 
tions were found to yield very good correlations, and the constants 
derived did not appear to be such as to have any physical significance. 
For example, the equation derived for the 28-day heat of hydration 
of the 22-40 fraction was: Heat of hydration (cal/g)=0.129 x % of 
C35+0.385X% of CS+1.552xX% of C,AF+0.811X% of CA. 
The heats of hydration as calculated from this equation were 40, 49, 
51, 52, and 49, as compared with the experimentally determined 
values of 40, 50, 57, 50, and 44 calories per gram, respectively. With 
two out of the five cements showing differences between the observed 
and calculated values of five calories or more, this correlation could 
scarcely be considered good. Also, the coefficients for the different 
compounds are obviously not such as to indicate the relative amounts 
of heat evolved by these compounds. The C;A should probably have 
alarger coefficient than the silicate compounds, since it hydrates more 
rapidly and with a greater evolution of heat, but the coefficient for 
the C;S appears much too low in comparison and that of the C,AF 
too high. The coefficient for the C,S should at least be greater than 
that of the C.S, since its heat of hydration is greater and since it is 
known to hydrate at a more rapid rate. The results of this study 
therefore indicated that the explanation of the poor correlation 
between the chemical compositions and the physical properties of 
these cements is not to be found entirely in the unequal size distri- 
butions of the chemical compounds 

The only remaining possibility is that the clinkers from which 
these cements were made had fundamental differences aside from 
those shown by the chemical analyses or the calculated compound 
compositions. It is possible that some of the observed discrepancies 
were caused by differences in extent of crystallization brought about 

y differences in the cooling of the clinkers during manufacture. 
Such effects have recently been pointed out by Lea and Parker.’° 
engl 

" Building Research (England) Technical Paper 16. 
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The method for calculating compound composition suggested by 
Bogue in 1929 " made use of the assumption of complete equilibrium 
crystallization of the compounds in the clinker except as corrected 
for uncombined lime and silica. It was recognized that such an 
assumption probably was not strictly correct and would be variable 
in different clinkers; but as no method was available for estimating 
the extent of crystallization of the erstwhile liquid, the assumption 
was justified as the only possible premise until such time as new 
information should provide opportunity for modification and higher 


precision. 


IV. ACCURACY OF CALCULATED COMPOUND COMPOSI. 
TIONS AS INDICATED BY OTHER METHODS 


1. STUDIES OF HEATS OF SOLUTION 


In order to obtain some indication of the reliability of the calculated 
compound compositions of these five cements, a study was made of 
their heats of solution. The heat of solution of a cement should 
theoretically be equal to the sum of the heats of solution of the indi- 
vidual compounds in the relative proportions in which they occur. 
Furthermore, calorimetric measurements may be made with relative 
precision. The heats of solution of cements, as well as those for the 
pure compounds, can be determined within a probable error of about 
0.3 cal/g for a single observation with the apparatus used. Therefore, 
if the true compound composition of a cement were known, it should 
be readily possible to obtain agreement within 1 cal/g between the 
observed and calculated heats of solution. 

The heats of solution of the pure compounds in the acid mixture 
used (648.5 g of 2.5 + .002 N nitric acid, 11.5 g of 48-percent hydro- 
fluoric acid) are given in table 3. The observed and calculated heats 
of solution for the whole cements and the fractions are presented in 
table 4. No allowance was made for the presence of the calcium sul- 
fate in making the calculations because of the uncertainty as to the 
form in which this compound occurred. It was also known that this 
compound has a very low heat of solution and could have only a negli- 
gible effect, except possibly in the case of the 0-7 fraction. 


TABLE 3.—Heats of solution of pure compounds 





Heat of 


Compound) solution 





cal/g 
C38 631 
C8 y 
C.,AF 
C3A 
MgO 














il Ind, Eng. Chem., Analytical Edition, 1, 192(1929); also Portland Cement Association Fellowship Paper 
21. 





ae Compounds in Portland Cement 273 


Taste 4.—Observed and calculated heats of solution of whole cements and size- 
fractions 





Heats of solution (cal/g) and their differences for fractions 





Cement 
“Whole”’| 0-7y 7-22 p 22-40u | 40-55u 





.|{Calculated 580 555 594 597 593 


{Gateulted Gabkiweshee 585 555 598 598 595 
Difference.__-_-------- +5 0 +4 +1 +2 


{° bserved 587 547 595 604 606 


Calculated --........-.- 577 549 586 596 599 
Difference---------- +10 —2 +9 +8 +7 


Calculated if 565 540 577 576 583 
Difference. .....-...--- +17 +8 +15 +16 +9 


{Gateulated EDs mye 583 551 593 598 601 


{Gaenlaed aS: 582 548 592 592 592 





-|;Caleulated__..........- 567 553 582 591 591 
Difference........--...| +16 —2 +11 +7 +10 | 


-|4 Calculated _.........-. 582 573 598 599 
Difference............- +12 —12 +7 +5 








{Calulated pclae die 594 561 605 604 

















It is believed that most of the differences between the observed and 
calculated heats of solution shown in table 4 are sufficiently pro- 
nounced to indicate a real significance. Although there is a consider- 
able variation between the differences for the various fractions of any 
one cement, when the different cements are compared it is seen that 
they show rather distinct individual trends. The agreement between 
the observed and calculated values for cement 1 would indicate that 
the true compound composition was very nearly given by the Bogue 
method of calculation. In the case of cement 2, where the differences 
are nearly the same for the whole cement and two of the fractions, a 
systematic deviation of the true composition from the calculated 
composition is indicated. Cement 3, which shows the greatest devia- 
tions between the observed and calculated values, would seem to be 
of a composition considerably different from that obtained by the 
calculation. In the same way, the larger observed than calculated 
values of cements 4 and 7, for all but the 0—7 fraction, suggest propor- 
tionate disagreements between the true and calculated compositions. 

The results for the 0-7 fraction do not follow the trends for the other 
fractions and the whole cements. For three of the cements the cal- 
culated value is greater than the observed. The relatively low observed 
heat of solution as compared with that calculated for this fraction is 
probably the result of partial hydration, and since the extent of this 
hydration is unknown, much significance cannot be attached to the 
heat of solution data for this fraction as an indication of the chemical 
composition. 

According to the theory of Lea and Parker,” the true compositions 
of cements 2, 3, 4, and 7 should be those given by the Bogue calcula- 
tin unless glass had been formed in the clinker. These cements all 
have alumina-iron oxide ratios which fall within the range given by 
these investigators for independent crystallization, wherein the Bogue 
values should hold without correction, and in the case of cement 1 
Mls Tatio is just slightly over the 1.7 limiting maximum. According 


"Building Research (England) Technical Paper 16. 
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to this theory, therefore, it would seem that the deviations of the true 
compound compositions from the calculated compositions, indicated 
for some of the cements by this heat of solution study, would have to 
be explained on the basis that glass had been formed during the cooling 


of the clinker. 
2. MICROSCOPIC ANALYSES 


In order to determine if these clinkers did contain glass and, if so 
to what extent, microscopic examinations * were made of polished 
etched sections prepared from samples of clinker. Quantitative esti- 
mates were made of four constituents identified as C,S, C,S, C,AF 
and glass. The C,A was not identified. The minor compounds were 
ignored and the clinkers considered to be made up exclusively of the 
four constituents. The results, reduced to the weight basis, are given 
in table 5. The calculated probable error of the values for the sili- 
cate compounds is approximately 1.5 and that of the other two 
constituents about 0.8. 


TABLE 5.—Quantitative microscopic analysts of cement clinkers 





4 Average compound composition 
Number 
Cement jofsections 
examined C;38 C,AF Glass 








Percent Percent 
34 10 
33 
29 
29 
36 


























In table 6 are given, for comparison, the compound compositions 
of the cements calculated by the Bogue method and the microscopic 
analyses reduced to the cement basis by allowing for the presence of 
the minor constituents of the cements. The results obtained by the 
microscopic method indicate that the C;S content is higher and the 
C.S content lower than the calculated values in all cases. For three 
of the five cements, the C,AF content is considerably higher by the 


microscopic method than as calculated. 


TaBLe 6.—Microscopic analysis of clinkers reduced to cement basis, and calculated 
compositions of cements 





Compound composition 





Cement C38 C38 C,AF 





Micro- Caleu- | Micro- Calcu- | Micro- Caleu- 
scopic lated scopic lated scopic lated 



































1C3A not noted petrographically. 


18 This work was carried out by Dr. H. Insley of this Bureau. A more detailed account of 
together with data obtained on other clinkers, will be contained in a future report. 
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In order to obtain a further comparison between the two methods, 
the heats of solution were calculated from the microscopic data as 
reduced to the cement basis. The heat of solution of the glass was 
not known, but was assumed to be the same as that of the C,A. 
Since the glass content was not large, this approximation should not 
introduce serious error. The values obtained, together with the 
observed heats of solution of the cements, are presented in table 7. 


TaBLe 7.—Comparison of observed heats of solution with heats of solution calculated 
from microscopic analyses 





Heats of solution 





Cement 
Observed | Calculated | Difference 





cal/g cal/g 
575 10 
583 4 
581 1 
574 9 
591 3 




















In four out of the five cases better agreement is found between the 
experimentally determined heats of solution and those calculated 
from the microscopic data than was obtained between the observed 
heats of solution and those calculated from the Bogue compositions. 
The results would indicate that the true compositions of the cements 
were more nearly equal to those determined microscopically than 
to those calculated by the Bogue method. However, too much 
weight should not be given to this comparison, since the heats of 
solution were not determined for the clinkers, and the cements for 
which they were determined may have been made from clinkers of 
slightly different composition. 

In considering all of the data which would indicate the accuracy of 
the calculated compositions, it should be borne in mind that four of 
the five cements were of very similar oxide compositions. These 
data, therefore, do not necessarily indicate that the Bogue method of 
calculation is invalid for other cements. Rather, it confirms the 
opinions held by Bogue, Lerch, Lea and Parker, Bates, Woods, and 
other investigators that equilibrium crystallization may not in all 
cinkers be complete, but that an incomplete crystallization, with 
resultant changes in the compound composition, may have a signifi- 
cant effect upon the properties of the cement. 


V. SUMMARY 


Thirteen cements were separated into the five nominally sized 
fractions 0-7, 7-22, 22-40, 40-55, and > 55 microns, and chemical 
analyses were made on the fractions and on the whole cements. The 
compound compositions were calculated according to the method of 
Bogue. Heats of hydration were determined for the fractions of 
five of the cements at the ages 3, 7, and 28 days. The compound 
compositions of the clinkers of these five cements were estimated 

m sections with a microscope. 

the basis of the calculated compound compositions the greatest 
Percentages of tricalcium’, silicate appeared in the finer particles, 
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while the dicalcium silicate tended to be more concentrated in thé 
coarser particles. The tricalcium aluminate and the tetracalcium 
alumino-ferrite were about equally distributed between the fine and 
coarse particles. 

No satisfactory correlations were found between the calculated 
compositions and the heats of hydration. 

The addition of about 7 percent of gypsum to the 7-22 micron 
fraction caused a greater reduction in the heat of hydration than 
would have been brought about by the addition of a like quantity of 
some inert material. 

The observed heats of solution of five of the cements and those 
calculated from the Bogue compound compositions, using the heats 
of solution of the pure compounds, showed quite large differences for 
some of the cements, thus possibly indicating disagreement between 
the actual compound composition and that calculated by the Bogue 
method. 

Quantitative estimates obtained with a microscope indicated that 
the tricalcium silicate was higher and the dicalcium silicate lower 
than the quantities indicated by the calculation from the oxide com- 
positions. The tricalcium aluminate was not identified petrographi- 
cally, although glass was found to be present. 

The heats of solution of the cements calculated from the compound 
compositions as estimated microscopically were closer to the observed 
values than those calculated from the compound compositions com- 
puted by the method of Bogue. 

Acknowledgment is made to P. H. Bates for originally suggesting 
this study and for suggestions offered during its progress. In deter- 


mining the heats of hydration the authors were assisted by F. B. 
Hornibrook. 


WASHINGTON, June 12, 1936. 
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THE SYSTEM K,0-PbO-Si0, 
R. F. Geller and E. N. Bunting 


ABSTRACT 


The system was investigated by means of well known methods involving 
quenching, petrographic examination, and heating curves. Five ternary com- 
pounds were identified by optical properties and the chemical composition of 
four of these established. A number of melts were studied also as glasses to 
obtain data of interest to manufacturers of glasses, glazes, and enamels. 
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I. INTRODUCTION 


The simple oxides involved in this system are constituents of many 
ceramic glazes, glasses, and enamels. Consequently, the study of 
the glass and crystalline phases is an essential step in obtaining infor- 
mation upon which to base studies of the more complex systems 
encountered in ceramic practice. There remains the possibility, also, 
that ceramic products of both higher quality and of relatively simple 
composition may result from a thorough investigation of the basic 
ternary systems. Of these basic systems, the ones involving PbO 
as one component offer a virgin field for study. This report, the 
frst on phase equilibria of the oxides K,O, PbO, and SiO,, is also, 
80 far as the authors are aware, the first on any ternary system in 
which PbO is a component. However, some work has been done 
on glasses composed primarily of potassium oxide, lead oxide, and 
aliea. A recent article ' offers some new data of limited significance 


'R. Rieke and H. Mields. Ber. deut. keram. Ges, 16, 331 (1935). a. 
27 
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(because of impurities in the melts) and contains references to earlier 
pertinent reports. 

Although there are other oxides of lead, only the monoxide is 
stable above approximately 450° C.? 

Phase equilibria have been established for the systems K,0.Si0,- 
SiO,’ and PbO-Si0,.* 

The present investigation was limited to studies of compositions in 
which the molecular ratio of K,O0 to SiO, is unity, or less than unity, 
partly because of the extremely unstable nature of melts of higher 
K,O:SiO, ratio, partly because of the physical impossibility (with 
available equipment) of obtaining or maintaining these melts free 
of CO, present as K,CO;, and partly because of excessive attack on 
the platinum crucibles and thermocouples. These facts were ascer- 
tained by preliminary tests, as was also the fact that K,CO; and PbO 
were mutually insoluble in the solid and liquid states at atmospheric 
pressure, and that no binary compounds of K,O and PbO were formed, 


II. PREPARATORY WORK 


1. PREPARATION AND PRESERVATION OF MIXTURES 


The ‘“‘end members” were sublimed litharge (PbO) containing 0,02 
percent of total detected impurities; quartz crystal (SiO,), which 
contained 0.02 percent of nonvolatile residue on evaporation with 
hydrofluoric and sulphuric acids; and potassium carbonate (K,CO, 
as the source of K,O) of which two 1-kg batches were used. The 
first batch, obtained in 1932, contained less than 0.037 percentof 
impurities and the second, obtained in 1935, contained less than 
0.045 percent of impurities.° 

All fusions were made in platinum, using electrically heated fur- 
naces. The well mixed ingredients were allowed to react overnight 
at 700 to 800° C in order to drive off most of the CO, and were then 
taken to the minimum temperature required for fusion. By repeated 
grinding and remelting, instead of prolonged heating, the volatilized 
K,O did not exceed 1 percent and was usually within 0.2 percent. 
No difficulty was experienced in obtaining melts within 0.2 percent of 
the desired PbO content, except with those melts approaching the 
potassium metasilicate in composition from which as much as 1 to 2 
percent might be volatilized. 

Seventy-four melts were analyzed chemically and portions used in 
various combinations to obtain additional preparations. A total of 
165 melts was prepared (fig. 1). 

Many compositions were so.hygroscopic that they absorbed 
moisture except when kept over P,O;. Consequently, for convenience, 
all mixtures both as glass and in the crystallized form were kept over 
this material. 


j 


2J. W. Mellor, A Comprehensive Treatise on Inorganic and Theoretical Chemistry (Longmans, Green 


& Co., New York, N. Y.) vol. 7, p. 672. Mellor states that PbO apparently goes to Pbs;O, when 
babe” = higher heating, again goes to PbO, the temperature range of maximum Pb;0, being about 
to 4! é 


3 F.C. Kracek, N. L. Bowen, and G. W. Morey, J. Phys, Chem. 33 1857 (1929). 

4R. F. Geller, A. S. Creamer, and E. N. Banting, J. Research NBS. 13, 237 (1934) RP705. 

5 Analyses were made by the Chemistry Division of the National Bureau of Standards. The litharge 
was analyzed for Cu (0.002%), Bi (0.018%), Fe (less than 0.001%), and for Zn, Ni, and Mn which were not 
detected. The potassium carbonate was analyzed for insoluble matter, silica and ammonium hy 
precipitate, Ca and Mg, sulphates and chlorates, N, As, Fe, H2S metals, phosphate, and Na, The principal 
impurity (loss on ignition not being considered as such) was Na, which was reported as “<0.02 Laie 
in each batch. In the first batch other impurities were present in quantities of 0.003 percent or less; at 
second 1 contained “«<0.02 percent of insoluble matter, <0.015 percent of Ca and Mg, and <0.005 percent 
phosp. . 
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Ficure 1.—Points plotted in this figure show the compositions of the melts 
investigated. 


2. CHEMICAL ANALYSES 


The PbO content was determined electrolytically and also as sul- 
phate. The sample was treated with dilute nitric and hydrofluoric 
acids, dissolved in dilute nitric acid, the lead deposited on platinum 
gauze as PbO,, dried at 110° C, and (by using the determined factor 
of 0.931) calculated to PbO. This deposit, after having been dissolved 
in dilute nitric acid and alcohol added to the solution, was converted 
with sulphuric acid to PbSO, and weighed as such. With few 
exceptions results by these two methods agreed within 0.1 percent. 
The electrolyte was evaporated to dryness, treated with hydrochloric 
acid, the KCl transferred to a small platinum dish and weighed. It 
was established by analysis that the SiO, content could be determined 
satisfactorily by difference. 

All the chemical analyses of melts were made by A. S. Creamer. 
This involved modification of test methods as well as routine deter- 
minations. 

III. EXPERIMENTAL PROCEDURE 


1. THERMAL STUDIES 


- Thermal studies were made by the quenching method supplemented, 


in the case of a relatively small number of compositions, with heating 
curves obtained by the differential thermocouple method. Both of 
these methods are well established * and need no further description. 
Pt to Pt-Rh thermocouples were used for all temperature measure- 
ments and were calibrated by observing the inversion temperature 
of K,SO, (583+1° C), or the temperature of melting of K,SO, 
(1069.1° C), or of KCI (770.3° C). 


* P.O. Kracek, N. L. Bowen, G. W. Morey J, Phys. Chem. 38, 1857 (1929). 
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The variations encountered in the relative stability of the melts, 
as well as in the time required for initial crystallization and for the 
attainment of equilibrium, might be described as extreme. Prepara. 
tions containing more than approximately 40 percent of K,O must 
be ground in a heated mortar and, so long as they are exposed to the 
air, “all apparatus with which they come in contact (probes, microscope 
slides, platinum capsules, etc.), must be heated. As the potassium 
metasilicate composition is approached, the relative instability in the 
presence of moisture increases rapidly and all manipulations must 
be conducted in a cabinet containing P,O;. Melts in this region must 
be held from several hours to several days at crystallizing tempera- 
tures to attain equilibrium. As the composition of PbO is approached, 
the preparations, while practically stable, become increasingly prone 
to devitrification and those compositions in which PbO constitutes 
one crystalline phase cannot be obtained as a clear glass. Further- 
more, the PbO crystallizes not only instantaneously and in large 
pl ites but also in apparent excess of the amount which should be 
present at equilibrium, even though it may not be the primary phase, 
Melts in this region were, therefore, quenched as quickly as possible 
to inhibit this metastable development of PbO and were then crys- 
tallized below the solidus temperature. As the other extreme, those 
compositions lying on the silica side of a line joining approximately 
70 percent of SiO,, i in the K,O-SiO, system, with 30 percent of SiO,, 
in the PhO-SiO, system, are not only stable in the presence of water 
vapor but require months to crystallize. One, held 6 months near 
the solidus temperature, had not crystallized sufficiently to establish 
the primary phase. Consequently the details of procedure were 
modified as the peculiarities of the preparations demanded. 


2. MICROSCOPIC EXAMINATIONS 


The petrographic microscope was used to determine the phases 
present in quenched samples. Identification of the crystalline phases 
was limited practically to the establishment of optical character and 
indices of refraction. Solid media, ranging in index of refraction from 
1.74 to 2.58, were available from a previous investigation.’ Samples 
in solid media were examined by means of white light passed through 
a no. 25 Wratten filter, which type of illumination had been used in 
determining the indices of the media. 


3. LINEAR THERMAL-EXPANSION DETERMINATIONS 
Determinations of linear thermal expansion were made by the inter- 
ferometer method, using electrically heated furnaces, a temperature 


rise of from 2.0 to 2.5° C per minute, and chromel-alumel thermocou- 
ples for temperature measurements. 


IV. RESULTS 


The results of the equilibrium studies are summarized in table 1 
and plotted in figures 2, 3, and 4. 


7 R. F. Geller, A. S. Creamer, and E. N. Bunting, J. Research NBS 13, 237 (1934) RP705. 
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TABLE 1.—Invariant points 
{Compositions and melting temperatures] 


BINARY COMPOUNDS» 





Composition, by weight 
Compounds —— ____| Temper- 

ature ® 
K20.S8i02 K20 
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44.0 
PbO.SiO2 


adic ns ptateaalioninanns 
4PbO.Si0; ©. 




















TERNARY COMPOUNDS 








3.4] 67.5] 91 
K:0.4Pb0.8Si02 60.8 | 287 
K:0.Pb0.4Si0» 40.0| 323 
2K:0.PbO.3Si0z¢... _ .- : 52, 37.7] 10.2 
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.* Accurate within + 3° C, unless otherwise stated. This does not apply to values taken from reports 
Cited in footnote >, 
* Data for the system K»0-SiO» are taken from F. C. Kracek, N. L. Bowen, and G. W. Morey, J. Phys. 
3 1. $3, 1857 (1929). Data for the system PbO-SiO: are taken from R. F, Geller, A. 8. Creamer, and E. N. 
tMek a Research NBS 18, 237 (1934) RP705. 
congruently. 
‘Eutectic 


ain poptosition of the primary phase within the area of which these points form the apices has not been 
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The extremely unstable nature of compositions along the join 
PbO-K,0.SiO,, and the rapidity with which they attack thermo. 
couples and platinum containers, make the values obtained of little 
significance. Heating curves for 4 compositions, varying in PbO 
from 74 to 92 percent, show a break between 740 and 750° C and also 
at about 800° C. The ternary compound K,0.2PbO0.2Si0, is the 
primary phase in the composition containing 59 percent of Pb0O, 
which shows that the system is not binary, and the liquidus (by the 
quench method) is approximately 860° C. In the composition con- 
taining 42 percent of PbO the same ternary compound is the primary 
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Ficure 2.—Fields of stability drawn with K,0.8Si0,-PbO-SiO, as the 
components. 


phase, the liquidus (by the quench method) is about 835° C, and heat- 
ing curves have a well defined break at 780° C (which may be the 
melting temperature at the intersection with the K,0.Si0,-K,0- 
2PbO.2SiO, boundary curve.) When the composition containing 42 
percent of PbO is completely crystallized, or when held for a short 
time (30 min) at 810° C, the crystalline phase resembling the 1:2:2 
compound in optical character, cleavage, and general appearance, has 
indices of refraction of ¢ 1.62, w 1.72. However, when held for 48 hr 
at 810° C this crystalline phase, the only one present in addition to 
glass and constituting 5 to 10 percent of the total, has the correct 
indices of refraction for K,0.2PbO.2Si0O,. The change in indices 
indicates solid solution, possibly with K,O.SiO,. 


1. TERNARY COMPOUNDS 


The chemical composition, melting temperature, and — 
properties of four ternary compounds were established, an the 
existence of a fifth is indicated by optical properties. 
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Figure 3.—Fields of stability for the system K,0-PbO-Si0,. 
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Fieure 4.—Tie-lines within the ternary system along which phase equilibria were 
investigated, 
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K,0.2PbO0.2Si0,.—This compound melts congruently at 918 
+ 3°C. It crystallizes readily, as hexagonal plates, and is optically 
uniaxial negative. The indices of refraction are: » 1.93 + 0.01, 
e 1.72 + 0.01 and the optic axis is perpendicular to the cleavage, 
When not in contact with moisture it will apparently remain unaltered 
indefinitely, otherwise it gradually breaks down to a mass of minute 
and complex crystals which, in part, appear to be K,CQ;, but the 
composition of this alteration product was not established. 

K,0.4PbO.8Si0,.—The crystal form of this compound is fibrous or 
lath-like and, under favorable conditions, bundles of these growths 
were obtained as much as 1 mm in length. When crushed, well 
crystallized samples resemble short-fibered asbestos. The minimum 
index is 1.69, the maximum 1.79 (+0.01), extinction is parallel and 
the optic axis is parallel with the longitudinal axis. A melt, when held 
2 days at 750° C, was completely crystallized. The compound melts 
congruently at 779 + 3° C and appears to be stable in air. 

K,O.PbO.4Si0,.—This compound melts congruently at 757 + 3°, 
Samples of the melt held 27 days and 33 days at about 690° C and at 
600° C, respectively, were unaltered, while a third sample was com- 
pletely crystallized after holding 8 days at 510° C and then 10 days 
at 605° C. Later, seeded samples crystallized completely in 3 days 
at 745 to 750° C. The crystals are rectangular, platy, of parallel 
extinction and positive biaxial character; 2V about 75°. The indices 
of refraction are: a 1.590, 8 1.612, y 1.650 (+ 0.005). 

2K,0.PbO0.3Si0,.—This composition is so unstable that more than 
momentary exposure to ordinary air, except in heated containers, 
will destroy it for purposes of optical examination. Data concerning 
it are limited and no attempt was made to determine the approximate 
minimum time in which a melt could be completely crystallized. A 
sample held 10 days at 700° C was at least 90 percent converted to 
crystals having an average index of refraction of 1.67. They melted 
incongruently at 735 + 5° C to form glass and K,0.2Pb0.2Si0,. It 
is estimated that the maximum index is 1.685, the minimum 1.668, 
and the character is probably biaxial positive. 

The fifth compound is the primary phase for a small area (figs. 2 
and 3, points 6, 7, and 8). This phase melts incongruently at about 
750° C to form glass and SiO,. Crystals in preparations within the 
field of stability, or on the SiO, side of this field, are platy with irreg- 
ular fracture, the indices of refraction are: a1.64, 61.65, 71.655 
(+ 0.005), the character is biaxial negative and the optic angle 
about 80°. Crystals in compositions to the right of point 8 were 
intimately mixed with crystals of K,0.4PbO.8SiO, and had the same 
general appearance as described, but were slightly higher in index 
(1.66 to 1.67), which may indicate limited solid solution. 


2. FIELDS OF STABILITY 


As figure 3 shows, lead oxide and the binary compounds of lead 
oxide and silica have relatively small fields of stability in the ternary 
system. The maximum depth of penetration (8.2 percent K,0.Si0;) 
is attained by the lead orthosilicate. The system is dominated by 


the field of SiO, in the upper portion and, in the lower portion, by the 
fields of K,0.2SiO, and K,0.2PbO0.2Si0,. In the former field it 
possible that an area adjoining the composition of the potassium 
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disilicate should be assigned to the ‘‘K,0.2SiO, mix crystals” noted 
by Kracek, Bowen, and Morey.’ A thorough investigation of this 
possibility was not made, but compositions on the tie-lines joining 
the disilicate with K,0.PbO.4Si0, and with K,0.2PbO.2Si0., and 
containing as little as 5 percent of PbO, apparently contained only 
erystals of K,O.2Si0, and glass when held at temperatures which were 
expected to develop the mixed crystals. 


(a) QUINTUPLE POINTS 


Fourteen quintuple invariant points were located and another is 
indicated (point 5, figs. 2 and 3); of these, nine are ternary eutectics 
(table 1 and fig. 2). It is interesting to note the small range of tem- 
peratures covered by the melting points, from 637° C for point 13 
to 742° C for point 8. 

Point 1, ternary eutectic for the potassium metasilicate and disili- 
cate and 2K,0.PbO.3Si0., and points 2 and 3 form the apices of the 
area in which the 2:1:3 compound is the primary phase. The com- 
positions of these points, as given in table 1, are believed to be correct 
within +1 percent, but the melting-temperature data were unsatis- 
factory because of the presence of K,CO;. The values indicate that 
the composition at point 1 melts above 700° C, and that at point 3 
melts below 735° C. 

Point 4, ternary eutectic for K,0.2Si0,, K,0.4S10., and 
K,0.PbO.4Si0,, is not definitely located because of insufficient 
data to locate either point 5 or the connecting boundary. In fact, 
no crystallization of K,0.4SiO, as the primary phase was obtained 
in any composition. Kracek, Bowen, and Morey obtained this 
compound by hydrothermal crystallization.® 

Points 6 and 7, although in an area of compositions which crystallize 
very slowly and usually incompletely even after months of treatment, 
are believed to be located within 0.5 percent of their true positions. 
Data for point 8, which composition melts at 742° C, are of satisfac- 
tory precision, practically complete crystallization of neighboring 
melts being obtainable in about 3 months. A melting temperature 
for point 6 is not given in table 1 but, from the contour of the liquidus 
suriace in this region, is estimated to be about 690° C. 

As table 1 shows, the melting temperatures of all of the other points 
are within 3° C of the correct values, the compositions are correct 
to +0.1 percent and, with the exception of point 10, all are ternary 
eutectics. No. 10, the invariant point for K,0.4PbO0.8Si0,, PbO.SiO,, 
and 2PbO.SiO,, lies just outside the ternary system of these three 
compositions. 

(b) BOUNDARY CURVES 


The entire range of temperatures along the boundary curves is 
only about 200° (840° C maximum, 637° C minimum; table 1). The 
locations of the curves drawn as continuous lines in figures 1 to 4, 
inclusive, are believed to be sufficiently well established by deter- 
minations of primary phases. However, the isotherms (liquidus 
temperatures) were not always established, for reasons already elab- 
orated upon, but may be deduced approximately from the general 


tends of the adjoining liquidus surfaces and by means of van Alke- 
made’s theorem. 
———— es 


\F. C. Kracek, N. L. Bowen, and G. W. Morey. J. Phys. Chem. 33, 1857 (1929). 
See footnote 8 


"Bancroft, The Phase Rule, p. 149. Published by J. Phys. Chem. (1897). 
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For example, the data indicate that the melting temperature at 
point 1 is above 700° C, and it must also be below 735° C. The 
melting temperature at point 2 must be above that of point 1, maybe. 
above or below that of point 3, but probably does not differ much} !2 
from the latter, and the very limited data obtainable indicate 720°¢§ ™ 
as the melting temperature. The curves from point 3 to point 1§ t 
and from point 2 to point 1, slope downward; but between points} 
2 and 3 there must be a maximum at the intersection of the curye} |0 
with the tie-line, extended, from K,0.2Pb0.2Si0, to 2K,0.PbO0.3Si0,, | 9 

The curves from points 6 to 7 to 8, on the other hand, exemplify § 2° 
how their determined slopes may assist in establishing the identity of } P 
the phase which is primary within the area they circumscribe, In la. 
this case there is a maximum (750° C) along curve 6-8, and a max} 
mum (743° C) along curve 7-8; both maxima are on or very near§ ° 
the intersection of these curves with the tie-line from the 1:4:8 com.§ PT 
pound to SiO,.. The composition 5 percent of K,0, 47.3 percent of 
PbO, and 47.7 percent of SiO, (molecular ratio 1:4:15 or a base-acid 
ratio of 1:3) lies on this tie-line, slightly above the 6-8 curve. The} | 
suggestion is offered that this is the ternary compound described in 
section IV-2. A melt of this composition, held 24 months at 700° C, 
was one-third crystals having the properties of the suggested 1:4:15 
compound and the balance was glass. A specimen then held at 740°C 
for 4 hours was unchanged, but when held at 750° C for 4% hours, 
contained less than 1 percent of these crystals in glass. A specimen 
held at 760° C for 2 hours before quenching contained only glass, 
Tridymite was identified in specimens held overnight above 940° C 
and below the liquidus (1,025 + 10° C). 


3. BINARY SYSTEMS WITHIN THE DIAGRAM 


Phase relations in eight binary systems within the ternary system 
were established (fig. 4). Five of the eight involve K,0.2Pb0.2Si0, 
as one component, the other three connect the compounds K,0.2Si0, 
with K,O.PbO.4Si0,; K,0.PbO.4SiO, with K,0.4PbO.8Si0,; and 
K,0.4PbO.8Si0, with PbO.SiO,. They are all simple systems. 

No compositions on the K,0.4Si0, side of the K,0.4Si0,-K,0.Pb0- 
4SiO, eutectic were even partially crystallized after holding 3 months 
at 650 to 680° C. Location of a eutectic was approximated by 
extrapolation of the K,0.PbO.4Si0, liquidus. The same method was 
used in approximating the composition of a SiO,-K,0.Pb0.45i0; 
eutectic. A composition on the SiO, side of the estimated eutectic 
showed no crystallization after holding 6 months at 700° C, while 
composition on the other side was almost completely crystallized after g 
2 months at 600° C. It follows, therefore, that the existence of true 












perme | a between these compounds, although probable, was not Po 
esta ed. ; 
Binary systems do not exist between K,0.4PbO.8Si0, and either whi 
SiO, or 2PbO.Si0., or between 4PbO.SiO, and K,0.2Pb0.2Si0:. As Pt: 
figure 4 shows, each tie-line crosses a field in which a third compound An 
is the primary phase. The break in the 4PbO.SiO, liquidus, at} om 
the intersection of the PbO-4PbO.SiO, boundary curve with the it 
4PbO.Si0.-K,0.2Pb0.2Si0, tie line, occurs at a temperature off tim 
about 721°C and the composition must be very close to 0.5 percent 7 








of K,O; 92.8 percent of PbO; and 6.7 percent of SiQ:. 
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4. COMPOSITIONS AS GLASSES 


The values for index of refraction and also, in nine cases, for the 
linear thermal expansion and for the softening temperature (by the 
interferometer method) are summarized in figure 5. It is evident 
that a relatively small portion of the compositions produce glasses 
resistant to weathering. Although immiscibility is indicated in the 
lower portion of the diagram, the immiscibility is probably due wholly 
or in part to the presence of K,CO;. The limiting compositions were 
not determined, but it is known that the area does not cross the 
PbO-K,0.Si0, tie-line. The liquids separate into two sharply defined 
layers which crystallize very rapidly upon solidification. Each layer 
of two melts was examined petrographically and also analyzed chemi- 
cally. It was evident that the top layer in each case was composed 
primarily of K,CO;, the bottom layer primarily of PbO. 
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Figure 5.-—Summary of data obtained on melts as glasses. 
V. DISCUSSION 


Since this report is the first dealing with a ternary system involving 
lead oxide, no comparisons can be made with systems of silica, lead 
oxide, and oxides of other elements, such as sodium and lithium, 
which systems might show trends similar to the one investigated." 


" The following tests were made to obtain an indication of the probable behavior of a similar system sub- 
stituting Na:O0 for K20: 

A melt of molecular composition Naz0.PbO.4SiOz held at 500° C for 6 days contained about 10 percent of 
crystal a glass of index of refraction 1.65. The erystals appeared as prisms radiating from a common 
center, or as rectangular plates, and of very low birefringence and average index 1.50. 
ae melt of molecu! ar composition Na30.4Pb0.8Si0+ held at 500° C for 8 days contained less than 2 percent 

glass (index 1.69) and two crystalline phases in about equal amounts. Phase A was prismatic, almost 
thee with Parallel extinction, very low birefringence, and average index 1.71. Phase B was platy and 

es of refraction ranged from 1.72 to 1.75. 
za melt of molecular composition Naz20.2Pb0.2Si0;3 held at 500° C for 8 days had attacked the platinum 


psule and was dark brown in color. Mi i 1. 
101.92 were identified. ee 


78957—36——7 
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The stable compounds crystallize from glasses which are so viscous, 
and crystal growth is relatively so slow, that their development ag 
“stones” in glass under manufacturing conditions is very unlikely, 
The system itself will be important to those investigators studying 
similar, as well as more complex, systems encountered in glaze and 
glass technology. The difficulties to be encountered, should the 
need for completion of the present system arise, are indicated, and it 
is probable that similar difficulties would confront the student of, 
for example, the system Na,O—PbO-—Si0,. 

A narrow band of compositions along the silica side of the boundary 
separating the fields of stable and unstable glasses (fig. 5) have poten- 
tial value as glasses. Those higher in SiO, would be so viscous that 
fusing them to a homogeneous glass, without excessive loss of K,0 
and PbO by volatilization, would be impracticable; or, if this were 
accomplished, they would still be unworkable. The same band 
of compositions could find application as glazes were it not for 
the high thermal expansion. For example, even the viscous glass of 


highest SiO, content and lowest expansion shown in figure 5 expanded | 


23 microns per centimeter (0.23 percent) from room temperature to 
300° C, as compared with an expansion of 16 microns for a typical 
sarthenware glaze. This high expansion would not, however, mili- 
tate against the use of such compositions as enamels for metals, and 
their relatively low softening points also favor such an application. 


VI. SUMMARY 


Five ternary compounds were identified optically in the system 


K,0.Si0,-PbO-SiO, and the compositions of four of these established. 
These four have the molecular ratios 1:2:2, 1:4:8, 1:1:4, and 2:1:3, 
respectively. The first, crystallizing as hexagonal plates with a 
melting point at 918° C is uniaxial negative, has indices w1.93 + 0.01, 
1.72 + 0.01, and the optic axis is perpendicular to the cleavage. The 
second, crystallizing as well-defined fibers or laths, melting at 779° C, 
and resembling a short-fibered asbestos when crushed, has a minimum 
index of 1.69 + 0.01, and a maximum of 1.79 + 0.01, the extinction 
is parallel, and the optic axis is parallel with the longitudinal axis. 
The third is positive biaxial, crystallizes as rectangular, platy granules 
of parallel extinction which melt at 757° C; the optic angle 1s about 
75° and the indices: a1.590, 61.612, v1.65. (All indices + 0.005.) 
The fourth is platy with an average index of approximately 1.67, 
melts incongruently at 735° C, and is very unstable. The crystalline 
phase of undetermined composition apparently melts incongruently 
at about 750° C to form glass and SiO,. The crystals are platy, the 
indices 1.64, 81.65, 71.655 (+ 0.005), 2V about 80°, character 
biaxial negative. 2 
Glasses in that portion of the ternary diagram lying on the silica 
side of the tie-lines connecting the compound compositions K,0.45Si0; 
K,0.Pb0.4Si0,, K,0.4PbO.8Si0,, and PbO.SiO, are stable in ai. 
Compositions in this area and near these tie-lines fuse to a homoge 
neous glass with sufficient ease to be of possible commercial applica- 
tion. However, the temperatures required to produce a glass, am 
the viscosity of the product, rise very rapidly with increase in silica. 
It is believed that the band or area of commercially usable compos! 
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tions would be narrow. Compositions on the K.O side of the tie-lines 
mentioned are either unstable in air or, in that area bounded by the 
tie-lines from PbO.SiO, and from PbO to K,0.2Pb0.2Si0., prone to 
devitrification. Also, many compositions below a line connecting 
ee the K;,0.SiO, composition separate into two immiscible 
liquids. 

‘The usefulness or lack of usefulness of a composition as a glass will 
generally determine also its potential value as a glaze for porcelain or 
earthenware. In addition, a glaze must have the proper thermal 
dilatation to “fit” the ware upon which it forms a coating. Unfortu- 
nately, all the glasses examined, and which otherwise held promise of 
usefulness as glazes, on heating or cooling undergo volume changes 
so great as to preclude their use on clay ware as now manufactured, 
with the exception of certain “high silica” and “high tale” wall tile. 


WASHINGTON, JUNE 3, 1936. 
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LOAD DISTRIBUTION AND STRENGTH OF ELEVATOR 
CABLE EQUALIZERS 


By Ambrose H. Stang and Leroy R. Sweetman 


ABSTRACT 


Tests to determine the equalizing ability and strength of four makes of elevator 
cable equalizers were made under conditions similar to but more severe than 
those encountered during ordinary use. 

The cables were represented by jointed steel rods, hinged to allow freedom of 
motion in all directions. The middle rod of each assembly was equipped with 
2inch Tuckerman optical strain gages and calibrated as a dynamometer. 

The distribution of load among the six shackles was determined for various 
amounts of movement of the shackles singly and in pairs. The limits of travel 
of the shackles were determined in each case. 
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I. INTRODUCTION 


Most elevator cars are supported by more than one wire rope and 
the safety of passengers depends to a large extent on the strength of 
the ropes. These supporting ropes are designed to carry a car with 
a liberal margin of safety, provided the load is equally distributed 
among the ropes. Although the ropes are of equal length when in- 
stalled and the load on each rope is adjusted by means of threaded 
shackles to be as nearly uniform as possible when new cables are put 
M service, these loads do not remain uniform except in a very few 
lstances. All wire ropes stretch appreciably under load, and, in 
addition, there is a gradual lengthening of the ropes under load, 
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which may continue for months or even years. For ropes of the 
usual construction, this stretch amounts to about 1 percent of the 
length of the rope under loadings usually used in elevator practice, 
However, the stretch of two identical lengths of wire rope under the 
same loading will seldom be the same. This may be due to varia- 
tions in the wires of which the strands are made, to variations in the 
tightness of the lay, to variations in the core, or to other causes. In 
the case of elevator ropes, the distance between the crosshead of the 
car and the cable anchorage on the counterweight remains substan- 
tially the same, with the result that the tendency of the ropes to 
stretch different amounts results in unequal forces on the ropes. The 
rope carrying the greatest load will deteriorate more rapidly than the 
others and also cause greater wear on its groove in the sheave. Wear 
of a groove decreases the effective diameter, resulting in slipping of 
the rope in that groove. This causes increased wear of both the rope 
and the groove, particularly of the sheaves which have V grooves, 
and this rope will need to be replaced when the other ropes may still 
have sufficient strength to carry their share of the total load. This 
unequal distribution of load among the wire ropes is obviously uneco- 
nomical and may become dangerous. 

Devices designated as elevator cable equalizers have been designed 
to compensate for the unequal changes in length of the ropes and to 
equalize the loads on the ropes. The tests described in this paper 
were made to determine to what degree the loads are equalized and 
to determine the strength of the equalizers. 

Two types of equalizers are manufactured in this country. For 
the first type, the equalizer is attached to the car only and tends to 
equalize the loads in the portion of the ropes between the car and the 
driving sheave. For the second type, the equalizer consists of two 
separate portions, one attached to the car and the other to the coun- 
terweight. 

The tests reported in this paper deal only with elevator cable equal- 
izers of the first type. For equalizers of the second type the distribu- 
tion of the load on the cables under service conditions could not be 
determined satisfactorily by these methods; therefore equalizers of 
this type were not included in the program. The results give the load 
distribution for that portion of the cables between the car and the 
driving sheave. The load distribution for the portion of the cables 
between the driving sheave and the counterweight was not deter- 
mined and cannot be estimated from the results of these tests. 


II. ELEVATOR CABLE EQUALIZERS 


Tests of four elevator cable equalizers were made. For convenience 
in this report they are designated as equalizers A, B, C, and D. 
Equalizer A was a multiple-lever type; equalizer B, a rack and pinion 
type; equalizer C, a multiple-lever type with roller bearings; and 
equalizer D a type having fixed sheaves and floating sheaves sup- 
ported by a wire rope. Photographs of these equalizers are shown 
in figures 1, 2, 3, and 4, respectively. 

Each equalizer was designed for six wire ropes, %-in. diameter, 
traction steel. 
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The distance between shackle centers on the singletrees was as 
follows: 
Equalizer A 7finches. 
Equalizer B 
Equalizer C e 
Equalizer D 6 inches. 


III. METHOD OF TEST 
1. TESTING MACHINE 


The tests of the equalizers were made in a vertical, screw power, 
beam-and-poise type of testing machine having a capacity of 600,000 
lb. using a poise which corresponded to a capacity of 300,000 lb. 


2. LOAD DISTRIBUTION 


(a) LOADING FIXTURES 


The arrangement for determining the load distribution is shown in 
figure 5. 

"When installed on a car the equalizer is attached to the top of the 
car frame and the cables attached to the shackles extend upward to 
the sheave. 

For convenience in making these tests this arrangement was re- 
versed. Equalizer E was supported by two I-beams I, representing 
the car frame, which, in turn, were bolted to the fixed platen of the 
testing machine. Tension rod R was attached to each shackle. 
These rods passed down through a steel plate attached to the movable 
platen of the testing machine. The load was transmitted from each 
rod to this plate by a nut on the threaded lower end of the rod. Self- 
aligning ball thrust bearings were placed between the plate and the 
nuts of four of the rods. 


(b) DESIGNATION OF SHACKLES 


For convenience in this report, numbers were used as designations 
for the shackles and rods as shown diagrammatically in figures 7 to 30. 
The pairs of shackles 1 and 4, 2, and 5, and 3 and 6 were connected 
by a singletree. 

(c) LOAD-MEASURING APPARATUS 


The load on each shackle was measured with a special tension dyna- 
mometer. These dynamometers were steel drill rods, 0.5 in. in diam- 
eter and about 30 in. long, to which were attached at midlength two 
Tuckerman optical strain gages having a 2-in. gage length and placed 
diametrically opposite on the rod. Dynamometer rods R and gages 
G are shown in figure 5 below link-joints L, which are near the lower 
ends of shackles S. The dynamometers had been calibrated in a test- 
ing machine previous to use in this test. It was found that the strain 
in the drill rods, which produced a change of 1.0 division in the reading 
of the gages, corresponded to a load of 117 Ib. Readings were esti- 
mated to 0.1 division or 11.7 lb. 
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(4) TESTING PROCEDURE 


The procedure used in making the load-distribution determinations 
was as follows: 

With no load on the equalizer, all of the shackle fulcrum pins were 
brought to the same horizontal plane by rotating the nuts below the 
plate. A load was then applied to the equalizer, gage readings were 
taken, and the load reduced to zero. Gage readings were again 
taken. The load on each shackle was calculated from the difference 
between the gage readings on the rod attached to the shackle. 

These loads were obviously for a movement of zero inches of the 
shackles. 

The load was again applied, and the nut at the bottom of one of 
the rods was rotated until this shackle had been lowered a predeter- 
mined distance, 0.2 in. The load on the equalizer had meantime 
been kept constant. Gage readings were taken, the load removed, 
and gage readings again taken. The load on each shackle was again 
calculated from the difference between the gage readings on the rod 
attached to the shackle. These loads were for a 0.2 in. movement 
of the shackle. This procedure was repeated with the same load 
for several positions of the shackle until the limit of travel of the 
shackle was reached. Shackle movements were made while the 
equalizer was under load. 

When tested in this way there was little vibration of the shackles 
and the bearings in the equalizer. The differences in the loads on 
the shackles was therefore in all probability greater than would 
exist in an elevator installation where the wes OF ate long ropes are 
attached to the shackles and the movement of the car causes con- 
siderable vibration.! It is believed, therefore, that the differences 
found in these tests were the maximum which would exist under the 
given conditions, and that under service conditions the differences 
might be somewhat less than these values. The test conditions 
were, however, the same for all the equalizers. 


(¢) PROGRAM 


Load-distribution determinations were made by moving shackle 
2, shackle 3, shackles 2 and 5 together, and shackles 3 and 6 together. 
It was not considered necessary to make tests to determine the load 
distribution for movements of shackle 1 or of shackles 1 and 4 to- 
gether, since for each of the equalizers, shackles 1 and 4 were sym- 
metrical with regard to their connections to the other parts of the 
equalizer, with shackles 3 and 6. The load distributions may be 
expected to be the same for both pairs of shackles. 

For the tests to determine the load distribution when shackles 2 
and 5 were moved together, the procedure was to move shackle 2 
from, for example, the 1-inch position to the 2-inch position and then 
induce the same movement in shackle 5. Similarly, when shac 
3 and 6 were moved together, the movement of shackle 3 was com- 
pleted and then that of shackle 6. ; 

The four sets of load-distribution determinations were made with 
the following loads on the equalizers: for equalizer A, at 6,000, 
12,000, and 18,000 Ib; these loads corresponded to an average lo 


1G. P. Boomsliter, Acceleration Stresses in Hoisting Ropes. Research Bulletin 2, Engineering Experi- 
ment Station, University of West Virginia, Morgantown, W. Va. 
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Figure 5.—Elevator cable equalizer A in the testing machine for the load-distribution 
test. 


No re : ; 
te the Tuckerman optical strain gages on the dynamometer rods and the autocollimator on the platform. 
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on each shackle of 1,000, 2,000, or 3,000 lb. For equalizers B, C, 


and D, at 12,000 lb corresponding to an average load on each shackle 
of 2,000 Ib. 
() ACCURACY 


When the total load on the equalizer was 6,000 lb, the sum of the 
loads on the six shackles as determined by the gage readings of the 
dynamometer rods did not differ by as much as 3 percent een the 
load indicated by the testing machine. When the total load on the 
equalizer was either 12,000 or 18,000 lb, the sum of the loads on the 
shackles did not differ by more than 1 percent from the load indicated 
by the testing machine. 

3. STRENGTH 


After the tests to determine the ability of the device to equalize the 
loads on the different shackles were completed, the strength of the 
equalizers was determined. For this test the shackles were removed 
and fixtures, as shown in figure 6, were attached to the shackle 
fulcrum pins and to the movable platen of the testing machine. 


IV. RESULTS OF THE TESTS, WITH DISCUSSION 


1. LOAD DISTRIBUTION 


The results of the load-distribution tests are given in figures 7 to 
30, inclusive. A diagrammatic sketch of the mechanism of the 
equalizers is given on each figure. The shackle or shackles moved 
are indicated by arrowheads. 

The different loads of 6,000, 12,000, and 18,000 lb used for the tests 
of equalizer A did not appear to change the character of the load- 
distribution curves for this equalizer. For this reason, tests of the 
other equalizers were made only for a 12,000-lb load. 

Although there are some exceptions to each of the following state- 
ments, the results of the tests, as indicated by the load-distribution 
curves, may be summarized as follows: 

The shackle which was moved while under load took more than its 
share of the load, beginning with a very small movement. In gen- 
eral, the load on the shackle increased slowly with increase in move- 
ment and then more rapidly as the limit of travel of the shackle was 
approached. 

If the movement was confined to a single shackle, the other shackle 
on the same singletree at first took more than its share of the load 
but generally not as much as the shackle which was moved. As the 
limit of travel of the moved shackle was approached, the other 
shackle of the pair took less and less load, apparently transferring its 
share of the load to the moved shackle. The load on the other four 
shackles was approximately constant. 

If two of the shackles were moved, the shackle moved last sustained 
4 greater load than the shackle first moved and both took more than 
the average load. 
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Movement of shackle 2 , in. 
(igure 7.—Load disiribution for elevator cable equalizer A as shackle 2 was moved. 


Total load 6,000 lb. Link F failed during the strength test. 
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Movement, of shackle J, in. 
Ficure 8.—Load distribution for elevator cable equalizer A as shackle 3 was moved. 


Total load 6,000 Ib. 
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Movement of shackles 2and 9, in. 


Fiaure 9.—Load distribution for elevator cable equalizer A as shackles 
2 and 5 were moved. 


Load 6,000 Ib. 
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Movement of shackles 3 and 6, in. 


Figure 10.—Load distribution for cable elevator equalizer A as shackles 
3.and 6 were moved, 


Load 6,000 Ib. 
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Movement of shackle A, in. 
Fiaure 11.—Load distribution for elevator cable equalizer A as shackle 2 was moved. 


Total load 12,000 Ib. 
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Movement of shackle 3, in. 

Ficure 12.—Load distribution for elevator cable equalizer A as shackle 3 was moved. 


Total load 12,000 Ib. 
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Movement of shackles @ and J, in. 


Figure 13.—Load distribution for elevator cable equalizer A as shackles 
2 and 5 were moved, 


Total load 12,000 Ib. 
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Movement of shackles 5 and 6, in. 


Figure 14.—Load distribution for elevator cable equalizer A as shackles 
3 and 6 were moved. 


Total load 12,000 Ib. 
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Movement of shackle 2 . in. 
Figure 15.—Load distribution for elevator cable equalizer A as shackle 2 was moved. 


Total load 18,000 Ib. 
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Movement of shackle 3, in. 
Figure 16.—Load distribution for elevator cable equalizer A as shackle 3 was moved. 


Total load 18,000 Ib. 
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Movement of shackles 2 and 5, in. 


Figure 17.—Load distribution for elevator cable equalizer A as shackles 
2 and 5 were moved. 


Total load 18,000 Ib. 
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Movement of shackles 3 and 6, in. 


Ficure 18.—Lead distribution for elevator cable equalizer A as shackles 
3 and 6 were moved. 


Total load 18,000 Ib. 
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Movement of shackle 2, in. 
Ficure 19.—Load distribution for elevator cable equalizer B as shackle 2 was moved. 


Total load 12,000 Ib. 
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Movement of shackle 3, in. 


Figure 20.—Load distribution for elevator cable equalizer B as shackle 3 was moved. 


Total load 12,000 Ib. 
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Movement of shackles & and 5, in. 


Figure 21.—Load distribution for elevator cable equalizer B as shackles 
2 and 5 were moved. 


Total load 12,000 Ib. 
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Movement of shackles 3 ard 6, in. 


Ficure 22.—Load distribution for elevator cable equalizer B as shackles 
3 and 6 were moved. 


Total load 12,000 Ib. 
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Movement of shackle 2, in. 


Figure 23.—Load distribution for elevator cable equalizer C as shackle 2 was moved. 
Total load 12,000 Ib. Link F broke during the strength test. 
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Movement of shackle 3, in. 


licure 24.—Load distribution for elevator cable equalizer C as shackle 3 was moved. 


Total load 12,000 Ib. 
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Movement of shackles 2 and J, in. 


FiaurE 25.—Load distribution for elevator cable equalizer C as shackles 2 and 6 
were moved. 


Total load 12,000 Ib. 
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Movement of shackles 3and 6, in. 


Fiaure 26.—Load distribution for elevator cable equalizer C as shackles 3 and 6 
were moved. 


Total load 12,000 Ib. 
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- Movement of shackle 2, in. 
Ficure 27.—Load distribution for elevator cable equalizer D as shackle 2 was moved. 


Total load 12,000 Ib. 
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Movement of shackle 3,in. 


Figure 28.—Lvad distribution for elevator cable equalizer D as shackle 3 was moved. 
Total load 12,000:]b. 
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Movement of shackles 2and J, in 


FiaurEe 29.—Load distribution for elevator cable equalizer D as shackles 2 and 5 
were moved. 


Total load 12,000 Ib. 
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Movement of shackles 3 and 6, in. 


Ficure 30.—Load distribution ,or elevator cable equalizer D as shackles 3 and 6 
were moved. 


Total load 12,000 Ib. 
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To obtain a comparison of the four equalizers, figure 31 has been 
drawn. In this figure the ordinates are taken as the greatest positive 
difference, in percentage, from the average loads for the equalizers 
when tested with a load of 12,000 lb. Obviously the equalizer for 
which the curve is lowest on the diagrams of figure 31 has the least 
friction and equalizes the loads on the six wire ropes more closely 
than the other equalizers. 


2. EFFECTIVE TRAVEL 


The travel of the shackles for effective equalizations of the loads on 
the several shackles may be defined as the movement of the shackles 
to the point on the load-distribution curve at which the load taken 
by the moved shackle starts to increase at a much faster rate than for 
smaller movements. On the basis of this definition, which is obvi- 
ously arbitrary, the effective travel values are given in table 1. 


TaBLE 1.—Effective travel of the equalizer shackles, for a total load of 12,000 pounds 
on the equalizer 





' 
Effective travel of equalizer: 





Movement of shackle (number) 




















The travel values for the movement of a single shackle depend to 
some extent on the distance between the shackle centers on the single- 
trees given earlier in this report. 


3. STRENGTH 
The results of the strength tests of the equalizers are given in table 2. 


TABLE 2.—Results of strength tests of equalizers 





Equalizer Tensile Failure 
strength 





Ib. 
("s link subject to compression failed by bending at midiength. 
(See fig. 7.) . 
he two shear pins and the two bolts <4 the equalizer 
on the channels were bent. (See fig. 2. 


through the eye at the end attached to the doubletree. (See 
fig. 23.) The roller bearing appeared to function properly 


i link supporting the singletree for shackles 1 and 4 broke 
after this test. 


of the equalizer broke. (See fig. 4.) The hubs 
sheaves were cracked. 








{ot two of the 





V. SUMMARY 


The load-distribution curves, especially those of figure 31, the 
effective travel values of table 1, and the breaking-strength values 
of table 2 afford bases for comparisons of the four equalizers. 

Equalizer C, for shackle movements within the travel limits given 
in table 1, equalized the loads on the shackles more closely than the 
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Movement of shackles Jand 6, in. 


Figure 31—Load-distribution curves for the equalizers when subjected to a load of 
12,000 lb. 


The letters in the circles are the equalizer designations. 
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other equalizers. In most cases, the percentage difference from the 
average load for the shackle carrying the greatest load for equalizer 
C was less than half that for any of the other equalizers. The per- 
centage difference from the average load for the shackle carrying the 
greatest load for equalizer B was, in general, greater than for the 
other equalizers. Equalizers A and D were generally intermediate in 
this respect. Data are not available to show whether or not the 
rope life is increased greatly by the use of an equalizer having the 
load-distribution characteristics of equalizer C over the rope life if 
an equalizer having the load-distribution characteristics of equalizer 
B is used. 

Because of the importance of distributing the load equally on all 
of the cables as stated in the introduction, it is obvious that mech- 
anisms which approximately equalize the load on all of the cables 
should necessarily result in an appreciable increase in the service life 
of the cables and more equal wear of the sheave grooves. 

The total travel for the shackles of equalizer B was greater for 
each shackle movement tested than for the other three equalizers, 
A relatively large travel may be particularly advantageous in high- 
rise elevators in which the ropes are long. The total travel for the 
shackles of equalizers A, C, and D was about the same and was less 
than for equalizer B. 

ry strength of equalizer D was greater than that of equalizers A, B, 
and C. 


WASHINGTON, May 26, 1936. 
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